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SUMMMIY. 
Sýbsoiling and deep loosening are widely used to afleviate soil 
compaction but little is known about the mechanics of the 
compaction process. Further information is required on the 
process that soil goes through during compaction, along with the 
effect on the amount of soil compaction of various IYre 
configurations. Such information will allow more confident. 
recommendations to farmers on the suceptability of their soil to 
compaction. 
Experimental work was conducted where the soil deformtions of 
a light textured soil were monitored throughout the whole soil 
mass. The deformations in the soil were caused by a loaded 
pneumtic tyre on the surface. In the experimental work, both 
the process of soil canpaction and the final state of the soil 
following the passage of a wheel were monitored. The experiments 
showed that soil compaction on light textured soils is caused by 
a punch failure of the soil, therefore most. of the ecnipaction is 
confined to the area directly below the wheel. 
The experimental monitoring of soil deformations was a slow and 
complex process, drawing firm conclusions from the work was 
further complicated by the interactions of the input variables, 
such as load and contact length. In order to monitor 1he erfivi 
of individual inputs on soil compaction a threv dDixxi. -iional 
rrxxthematical model of the process was developed from Theories of 
Elasticity and a confined compression soil I-est. The model 
predicted the subsurface deformations in the three principle 
directions due to surface loads. Once the model was modified to 
account for the support capability of the soil it. proved it 
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could, with resonable accuracy, predict the defomations and 
hence soil canpaction due to a tyre on the soil surface. 
The model was used to predict the effect of various tyre 
configurations on soil ccrnpaction. From a nunber of these runs 
it was possible to find -the sensitivity of soil Io canIxiction 
due to that input. The results showe .d that ttxý sensitivity or 
soil to ccmpaction is not a linear relationship and sitnificant 
reductions in the amount. of. soil, canpacted and the level of ihe 
compaction can be achieved by'the righi iýrre' configuration. 
-f 
-x- 
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1. INTMULLMCK. 
1.1. PHDJWr OUrLJNE. 
Soil compaction is caused by forces acting on 1he soil. These 
forces may be applied by wheels, tillage tools and animal 
traffic or may be due to natural forces such as w6tting and 
drying or freezing. The intended use of the soil de-termiry-as the 
required level of soil canpaction. If the soil is to be used for 
crop production the prevention of excessive soil compaction is 
desirable. 
Modern systems of crop production are tending to increase t. he 
number of passes, the weight of vehicles and the inflation 
pressures. This is causing compaction problems I. o arise 
especially during the seedbed preparation and harvest of 1, he 
crop. Experimental evidence has shown that once subsoil 
compaction has occurred it, nay persist for many years, often 
below the depth of subsoilers and deep freezing in wint. er. 
In order to help understand the damage caused to soil by 
wheels, mathematical models of soil compaction'have been 
developed. These models have by and large been limited to 
producing a general solution and have been unable to give a 
specific solution for an individual tyre size and inflation 
pressure. A soil mechanics model that would give the, dbformation 
of soil below the soil surface for an individual case would be a 
-1- 
significant advance on previous models'and would provide 
quantitative data on the levels and amounts'of soil canpaction 
caused by different wheel configurations. 
7b develop a fundamental understanding of soil behaviour, when 
it is subjected to externally applied loads. 
r1he soil canpaction process was investigated by mcnitoring the 
trajectory, in each of the three principal directions (X, Y, Z), 
of soil below an externally applied load. U)ads were applied to 
the soil surface by means of small pneumatic tyres, mounted in a 
frame in the controlled conditions of a soil tank. The design 
of the mounting frame of the tyre allowed a range of tyre 
widths and loads to be applied through the tyre to the soil 
surface. The trajectory of the soil particles was monitored by 
soil movement detectors placed in a regular grid both below and 
outside the width of the tyre. The rolling tyre was st. oppW in 
the centre of the monitoring region and lifted clear of the soil 
surface. - Ibis technique allowed the process of soil compaction 
to be studied by analysing the soil undisturt)(A in front of the 
tyre and fully ccmpacted soil behind the tyre. 
IbIlowing the small scale detailed experimental work further 
full scale tests were conducted in a large soil bin using an 
agricultural tractor running on smooth grassland tyres towed 
-2- 
along the soil surface., 'The soil deformations were monitored in 
a plane across the direction of travel of the tyre, at a range 
of loads, tyre pressures and soil densities. 
7be results frcm the experimental work were used to develop and 
verify, a three dimensional model of the cunpaction procl-iss., Tliel 
model was able to predict the, movement, of soil particles in eacli 
of, the three principal directions below surface loýds such as 
tyres. This three dimensional approach, although significantly 
increasing the canplexity, of the model,, allowed, the effects on 
soil canpaction of-tyre gecmetry, to be investigated and could be 
used to produce a specific solution for a specific tyre 
configuration and soil condition. 
Following the successful develop-nent of the model, it was used 
to develop an understanding of the sensitivity of soil' 
ccmpaction to changes in tyre geometry, pressure and I(xid for a 
range of soil conditions. 7he model allowed situations that are 
difficult to obtain 'in the field to be investAkuled and Ihe 
effect of various input factors -'on the compactability of 
soil was assessed. The, 'model- helped identify the major 
factors that influence compaction and-the parameters to be 
ebanged to effect the greatest reduction in ccuipaction. 
-3- 
1.2. REVIEW OF LITERAItM. 
1.2.1. IINTROCUMCK 
Information about the soil potential deformation under iractor 
tyres is desirable when selecting a tyre for min1muin soil 
compaction. Much research work has been, involved in dete]TýIining 
the stress distribution at the soil-wheel interface, see Vanden 
Berg ý and Gill (1962). A review of, the literature however, 
reveals very little information on the deformation of soil 
within the soil mass due to loads on the surface. The few 
experimental observations of the deformations that. have Lý--en 
conductedLhave been limited to two dimensions, either alongr 1he 
centre I ine - or at right angles to, the tyre. , As experimental 
observation is so slow, a number of widely different 
thoeretical approaches have been used to model the soil 
compaction, below -tyres. In a review of soil ccxnpaction by Soane 
el al. (1980) the main approaches to modelling were listed fr(ri 
Karafiath and Nowatzki (1978), scme as listed below: 
(a) Mohr-Coulomb theory has been used to express shear 
strength as a function of normal stress. This approach has 
been successful in studies where the-soil exhibits slip 
lines,. for canpactable soil this type of soluLion has been 
unable to sucessfully predict the canpaction. 
(b) Classical canpression theory based on the experimental 
observation of a linear relationship betmen void natio and 
the log of the effective stress. Use of effective stress 
-4- 
means that the sun of the mechanical and physical stresses 
, can be used. 
Chancellor (1971), Butterfield (1979). 
(c) Boussinesq-Sohne theory predicts the stress distribution 
within an elastic mediun when subjected to surface loads. 
Adjustments are made to the solution to account for 
different, contact areas, surface pressures. and soil 
stress-strain relationships. 
Sohne (1958). / 
(d) Bernstein-Bekker theory based on empirical 
relationships betmeen contact pressure and sinkage. It is 
possible, to predict -a compactive resistanw and cunpactive 
work done, pdr unit area fran these relationships. 
Bekker (1976)., 
(e) Criticallstate soil mechanics was developed lo provido a 
universal theory of soil response to a wide range of streýss 
situations.. It is useful in the studyýof, soil ewipactabilily 
as the stresses can be simplified to hydrostatic and 
deviatoric stress, the soil response is expressed in ýterms 
of specif ic volume, changes. Al though critical si ate 
mechanics was developed for saturated soils, there is now 
evidence forý its application to unsaturated agricultural 
soils. 
. 
Blackwell. (1979), Snith (1984) 
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Some of the above approaches to the problem can be'divided into 
two basic methods for modelling soil deformation under wheels: - 
ý (a) Rnpirical. models: A simplified expression of -the major 
factors affecting the ccrnpression process is developcd frcxa 
a large ' quantity" of "field data, the regression is then 
used -to predict''further situations. 
Freitag (1965), Eriksson et al. (1974). 
(b) Soil mechanics models:,. A combination of soil mechanics 
principles and numerical techniques; such as'Finite Element 
Analysis, Yong et al. (1978) or Theories of Elasticity. ' Sohne 
(1953) developed equations that could predict the streý:; s 
within the body of a soil mass when subjected to surface 
loads. The deflection of a soil element to the stress 
condition could be predicted by the use of the soil's 
stress-strain relationship. 
Eknpirical models can, in the right circumstances provide an 
adequate solution to the soil compaction problem. They do 
however suffer fran the major drawback of needing large W'. K)unts 
of data to be collected to provide an accurate solution. The 
time-consuning nature of the data collection raxkes this method 
of prediction unsuitable. Soil mechanics models, although 
significantly more complex than the above methods, can provide a 
rwans of modelling the ccmplexity of soil ccinpaction and cLui 
- 
help in the understanding of the soil canpaction process. The 
following review of literature will concentrate on the models of 
soil compaction based on soil mechanics principles. The two 
major numerical methods used in, soil- compaction rescurch are 
Theories of Elasticity and Finite ElaTK-nt Methods. 
1.2.2. FMTE HUIEWr MUMS. 
Perunpral et al. (1971) used Finite Element Analysis. to prediet 
the deformation of soil below the centre line of a tyre. The 
model took account of the non-linear stress-strain 
characteristics of soil. The basic concept of Finite Elements is 
that soil is an idealized continuum of'a finite nunt)er of srrall 
elements, -figure 
(1.1), connected together by a nu-nber of nodal 
points. 
Wheel motion 
Figure 1.1. Finite elements. 
The behaviour of the whole soil mass is predicied by 
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approximating the behaviour of these small soil elements 
expressed in the form of equilibriLun 'equations inýienns of the 
unknown deflections. In this studyýa rigid wheel was modelled as 
a circular area using radial and tangential stresses taken from 
the work of Onafeko and Reece (1967). The model developed 
predicted the deflection along the centre line of the tyre but 
no attempt was made to compare the solution with any 
experimental results. Other experimentors have extended the 
above method to take account of the elastic recovery of soil as 
the load is removed, see Chung and Lee (1975). Further 
improvements', to the solution were nude by Yong et a]. (1978) to 
take'account of the, effect of a pneumatic tyre on the soil 
surface. Finite Elements have also been used to predict the 
performance and effect*of crawler tracks, see Karafiath (198d) 
and Wong (1984). The method allowes the complex non-lincar 
properties ýof soil -to -be modelled and ihe effeel, of 
them on the performance of the vehicle assesed., 
1.2.3. SOIL ELASUCITY METHODS. 
Much, of the early work on the use of Elasticity, i. o predict,, i he 
stresses An a soil and hence the cmpaction was conducted by 
Sohne'(1953). He developed a method of calculating the pressure 
distribution in-a soil using equations developed by Boussine. skj 
(1885). The equations are only strictly valid for'a soil iMi is 
isotropic and obeys Hookes law, but making those assumptions 
good agreement between measured and predicted has txýen found. 
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In the vertical point method, Sohne (1953), figure (1.2), it is 
assumed the tyre can be simplified to a single point load 
resting on the surface of a semi-infinite soil mass. 
P 
Figure 1.2. Vertical point method. 
The vertical stress at any point in the soil is given by: - 
= 
3P 3/2 3P 
so 2xz 
[11-+-'(1. 
ý] OR 04; = 2xz2 Cos 
r1bis very simple solution suffers from several drawbacks: 
i) As the radial distance of the solution decreases the 
value of stress tends towards infinity. 
ii) No account is taken of the size of the contact area. 
iii) No account is taken of the effect of soil strength on 
the stress distribution. 
Bowen (1975) developed a correction factor to try to eliminate 
the infinity at the soil surface, these factors increased frcri 
zero at the soil surface to unity at a depth equal to half the 
width of the tyre. 
Due to-the assumption of elastic soil behaviour, the vertical 
point method predicts the same stress distribution for all 
soils. It is known, however, that soil strength influences ihe 
stress distribution. To account for this, the aN. )ve fomula wa!; 
- 
modified using a concentration factor ( v) developed by Frohlich 
(1934), the modified formala taking the fonn: 
VP Y-2 o. aV ý T; -Z2 COS 
r1be concentration factor increases as soil-beccra-es softer. The 
reason f or calling it a concentration factor can be seen in 
figure (1.3), which shows - isobars of consiani siress and 
Rrolichs values for the concentration factor. 
firm soil (v=3) 'i normal'soil (-v=4')' soft 'soil (V=5) 
Figure 1.3. Isobars using three concentration factors. -- 
It is clear that the stresses are more concentrated under the 
load and extend to greater depth in the soil as the 
concentration factor increases. For models predicting the 
stresses using concentration factors selection of the 
appropriate factor influences the accuracy of the predictions. 
Work has continued on concentration factors with the arbitrary 
whole nmber values of Frohlich being replaced by continuously 
variabl-e factors, see Ram (1984). Ram showed that the 
concentration factor increased with depth and reported that for 
a sandy soil the concentration factor increased from 3.28 to 
5.84. "- Research continues on using- concentrai ion faciors in 
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conjunction with Elastic equations, though conceniraiion 
factors have no fundamental base in Elasticity. 
A further refinemeni to the point 1(jud rr*ýihod was i(. ) include 
some measure of width of the contaci patch, Sohne (1953). To (h) 
this the contact between tyre and soil was described by an 
evenly loaded infinitely long strip, the widih of' ihe sirip 
being equal to the section width of the iyre. 'Ibe lyre c. onfact 
patch have also been modelled as circular and elliptical areas 
equal to the contact area of the lyre, soo Clu'penler and 
Fausey (1983) and Kline and I)erumpral (1984). Ae conlacl area 
supports a uniformly distributed stress equal to the mean norli"I 
stress at the tyre-soil interface. A more advanced ffg-ýIh(xf of' 
calculation is a sumiation procedure developed by Sohne (1953), 
figure (1.4), which is a numerical procedure of sLuining a large 
number of point loads, this yields a specific solution depending 
on the tyre size, inflation pressure, load and soil lylxý. 
p 
Figure 1.4. Sohne's summation procodure. 
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, The Bousinesq equations have also 'been used to predict the 
stress below tracks, Fujii et al. (1984). It was found that the 
predicted values ware smaller than the ax3asured 'values, the 
discrepancy was thought to be due to load transfer betWeen track 
shoes. 
From the stress in the soil the volunetric strain can be 
calculated using logarithmic relationships such as: 
Pore Spaco--A*log(stress)+B Sohne (1953) 
Bulk Density=C*log(stress)+K Bertilsson (1971) 
Where A, B, C and K are soil constants. Bailey et al. (1985), 
using the same form of' equation found that by using-'six 
coefficients they could predict the bulk density of soil aft-or a 
known stress had been applied and removed. 
Blackwell (1979) and Smith (1984), developed models on the 
basis of- Critical State Soil Mechanics and Elasticity. 
Measurements of soil-: compactability were found from in-situ and 
laboratory measurements of undisturbed soil samples. 
Compactability was assessed from the slope and intercept of the 
virgin compression line and relaxation slopes. The predicted 
stress of an element was calculated from equations developed by 
Sohne and the response in terms of compression calculated from 
the virgin compression line. Tests of the model in a field 
situation revealed a good correlation between measured and 
predicted values. 
1.3. DISCUSSION. 
Some of the models of soil ccmpaction discussed here have given 
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a two dimensional solution, either the compaction for a line 
along, the centre line of the tyre or at right angles to 
the direction of travel. The solutions of these models 
are general cases and are not able to predict the effect to a 
specific tyre configuration. Improvements in the prediction of 
soil compaction have been achieved by working in three 
dimensions thus. allowing the'contact of the tyre to have finite 
values of, length, width, contact pressure and load distribution 
which allows individual tyre configurations to be modelled. 
However the, extra flexibility of this form of model means a 
significant increase in the ccinplexity., Ihree dimensional models 
can predict the deformations in the horizontal and lateral 
directions and allow not only vertical but horizontal and 
lateral loads to be applied in complex distributions on the 
soil surface. The solutions of such models show the depth 
and width of soil compaction over the whole volume of soil 
disturbed. 
It is possible to use either of the two major mathematical 
mathods, Finite Element Methods and Elastic 7heory, as the batse 
of a model. Much of the Finite Element work conducled in 
cappaction, research has been done using camiercial software 
packages which limits the flexibility of the model. Elastic 
Theory provides a simple route for improvement and it is 
possible to not only predict the stress induced in a soil but by 
using two material properties, Young's Modulus and Poisson's 
Ratio, it is possible to predict the strain and deflection. 
- 13 - 
Equations are available that will give the X, Y and Z deflections 
at any point in a material due to a load on the surface. 
1.4. DErAUJD CBMCrIVES. 
Me project falls into the following three parts: 
1) Deteirdnation of. the actual deflections in the soil under a 
wide range of loading and soil conditions. 
2) Development of a three dimensional mathematical model based 
on Elasticity Theory to predict the deflections. 
3) Validation of the Theory and use of the model to identify the 
mjor factors influencing the deflections and hence compaction 
and determine the sensitivity of compaction to changes in these 
factors. 
- 14 - 
2. EDGEUNWrAL INVEMGAT]ICN IMD SOIL DEFUDIATION MDW lll*B. 
2.1. 
It is possible to monitor the effect of surface loads by 
assessing either the stress or the strain induced in the soil at 
depth. Both of these methods are very slow due to the necessary 
insertion of sensors. Som major problems exist with stress 
sensors because of the importance of getting good contact 
between the soil, and the measuring device. The device should 
also be able to monitor, the three perpendicular stresses, this 
is further complicated by the change in orientation of the 
device as the soil canpacts. This tends to make stress detectors 
quite large and expensive. Sty-ain detectors can also be large 
and canplex but they can be very cheap and adaptable. A detector 
can be as simple as a, nxxrker, the strain being calculated by its 
change in position. If the markers are placed in a regular grid 
pattern the _volume, change and 
hence the compaction of the 
elemental cube can be calculated. The main drawback of the 
system is the time-consuming nature of placing and measuring the 
individual markers. This has ment that only a snull amunt of 
experimental data on the deflection of soil particles below 
tyres is available, with little information on the extent to 
which the deflections extend outside the contact area of the 
tM. 
' 
In order to verify a mathematical model of tlv-- ccmpaction 
process it is important to conduct detailed experimental work 
into the deflection of the soil both at the soil-tyre interface 
and to a depth in the soil greater than the disturbancd extends. 
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The monitoring, of soil deformations was conducted in the 
controlled environment of a soil tank. Preliminary studies to 
find the mode and extent of soil failure were conducted in a 
small tank with small wheels, about quarter scale. These tests 
monitored the process the soil goes through during cunpaction 
and the final compacted state after the passage of a wheel. 
Further investigations were conducted using a full size tractor 
in a larger scale soil tank to provide data on tli-, effect 
of scale and for the verification of the mathematical model of 
the process. These investigations were conducted using a light 
textured sandy loam soil. -rIb keep, the analysisýof the problem as 
simple as possible. the wheels used were pnucmatic tyres with 
very little tread pattern and tov&-d across the surface so as to 
induce as little shear in the soil at the surface as possible. 
2.2. EXPERDOWAL THCMQTJE AND APPARAIUS. 
2.2.1. MIT -EEKIDAMCK UDKIIUUM. 
rlbeýaccurate measurement of strain throughout a soil body is 
very time-consuming. A, technique was required t1at was precise 
and-able to. cover, in three dimensions, a large volum of soil. 
The device should noi cause the soil to fail in a different 
manner due to it's presence., Several devices and techniques 
have been used by other experimenters: - .I 
Gliemeroth (1953), dug a trench parallel to the wutre line of. 
- 16 - 
a tyre and exposed the soil in a -siml I area. Ibe movooeni 
of the soil was filmed using a camera. His ýIPI-K-Ir-MLIs and 
results are shcnvn in figure (2.1). 
NRECTION OF TRAAL 
3 Tb% SEC-oNDs , h* 
a- 6' 
frw)h 7 
rD s 
ILA(> 
4 
3WS 
am $ 
/66 
. M. 
Figure 2.1 Gliemeroths equipavnt. and resul ts. 
'Mis type of approach is useful for 1he dynwiic rwniloring of 
a single point, but cannot be extended to cover a larger area 
of soi I. 
Roscoe et a]. (1963), described a ra--Ok)d of detenidning, IYic 
incremental strain throughout, a soil vollffw when defonned undei- 
conditions of plane strain, ie. 2 dimensional strain. I'lic 
strains were calculated frcm the displacera-ml of lead shol 
placed in a grid pattern in the soil. The displai-_txicnis were 
masured by placing an X-ray source in from of the soil and 
X-ray sensitive f ilm behi nd i he soil . I'lie rix)voijeni ot 1110 S. 1101 
produces shadows on the film, which when currecied for ihe 
distance fr)m the X-ray source, give a gt, mxl np! Loure of ifit. 
sirain. This approach is lindied to workintr in 2 dirxýýnsitmý, 
as 1he overlapping X-ray shadow.,, of several plan(-, of lx,: Oý; al 
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once would be impossible to analyse. 
Drescher (1976) adopted the approach of substituting another 
material for the, soil, he used an optically sensitive granular 
mediun consisting of crushed glass particles and oil. 11-io plane 
strain induced by loading the mediun could easily be observed 
by viewing the particles in circularly polarised light. 
Dinfors (1974), working in a field situation, used large 
elevation markers buried- in the soil and measured their 
deflection in relation to a datum at the surface. These markers 
were quite large and had to be placed well away from each other 
so as not to distort the failure pattern. 
- Nichols and Randolph (1925) used foil strip markers, others 
have used coloured sand,, gypsun and coal dust. Ibe. se markers 
were placed in lines or grid patterns depending on the type of 
failure to be observed., 'Ibis type of monitoring gives a visual 
display of the movement, but accurate measurements of the 
displacement of individual points are difficult to make. 
Gill (1968), measured soil displacement by embedding snull 
beads in the soil in a regular grid pattern using a template. 
After placement of the beads their position was marked with a, 
coloured pen on a sheet of transparent plastic laid over the 
top. After the soil had been deforTied the process was reWal(-A 
again and marked on the sheet with a different colour. 
- 18 
Most investigations' *of strain have been carried out, in Krull 
areas or 2 dimensions. The distribution over larger areas has not 
been well investigated because of the difficulty in finding a 
suitable technique. The technique used in. this study was 
an expansion, into'three dimensions, of the method used by Spoor 
and Fry (1983). A'large number of markers were buried in the soil 
in a regular grid pattern. The markers used were small plastic 
beads about 5mm in diameter, these were large enough to be easily 
detectable yet-not so large as to cause a .. change in the soil 
failure pattern. The beads were buried in layers, in aregular 
grid pattern, starting at the centre line of the tyre to a point 5 
times as wide -as the width of the tyre and down to a depth of 5 
times the width of-the tyre. Beads were,, only placed over half the 
area that may.. be disturbed by, the tyre to keep to a minir. um the 
number of beads used. Ibis was possible because-of ths symmetrical 
failure of the soil about the centre line of the 
Ityre. 
If, the 
start and final position of the individual beads is known the 
deformation and strain induced in the soil at. that point. can be 
found. 
III. I .-Ie 
7he soil tank to be used for the small scale,. study was 0.47m wide 
by 1.5m long by 0.3in deep. To speed up the monitoring of the 
urmement of ý, the beads; a. f raw was constructed that ran on two 
rails on the top of-the, soil tank, figure (2.2). 1 
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POTENTI OM FTFk 
S 
RACK AND 
PINION 
;E RAILS 
[N WALLS 
Figure 2.2 Inwer measur: Lng carriage support f rWW. 
7be two rails, one round, the other angular, ran the whole lenj2ýlh 
of the tank, the circular rail acted as a self-oentering device 
for the rollers that supported the frame. Fixed to the righi 
angled rail was a rack gear, that ran the whole length of Ihe [)in, 
the pinion was mounted on the frame itself. The drive from ih(- 
pinion was connected directly to a linear 10 turn polenlicxik-ýIcr, 
the size of this gear wheel was chosen so as to allow 
approximately 8 turns of the polenticrneter to cover the whole 
leng-th of the tank. The potentiometer was energised with a small 
voltage, so that as the frame was moved along the tank the ouipui 
of the potentiometer changed in direct relaiion to its 
position. The two sides of this lower frame were in turn held 
together by a round and angular rail at, right angles to i he I ower 
pair. The upper set of rails was a snaller version of' I he I (mer 
and used to measure the distance across the tank. The geaj, size 
was again selected so as to allow approximaily 8 turn, -; to cover 
the whole width of the tank. A linear displacemeni irarLSdUcA-, r wu-; 
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mounted on the upper frame for measuring the vertical deflection 
of the beads. ' The linear displacememt, transducer was extended 
using an aluminimum rod which allowed the transducer to probe 
down into the tank. A number of different length extensions were 
made to allow the relatively short stroke 'of the transducer to 
cover the whole depth of soil in the tank. Initially'the end of 
the probe was pointed, so, by placing the pointer over the top of 
the bead the X, Y and Z co-ordinates from the, reference point in 
the bin could be found. Tests were conducted with the pointer 
where a single bead was measured repeatedly, this produced a 
variation in the X and Y co-ordinates of 1 to 2 naii, the Z 
co-ordinate was within 1/2mm. This variation was due to the 
difficulty in exactly placing the pointer over the' top of the 
bead. By hollowing out the end of the extension to fit exactly 
over a bead, , it was found the position of the bead could be 
measured to 1/2 mm precision in all three directions. The outputs 
of the three position transducers, an electric voltage between 0 
and 2 volts, was fed into a scanning datalogger. The logger was 
operated by a hand held trigger, this was fired once the frame had 
been manually placed over the bead to be measured. Once fired the 
3 transducer voltages were punched onto paper tape. When the run 
was completed the paper tape could be read into a main frame 
canputer and converted from a voltage into a distance from the 
origin. using the calibration coefficient. 
2.2.2. SDIL PREPARATICK. 
For accurate experimental work it is essential that the initial 
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soil density is constantAbroughout the soil and the lower layers 
of soil are dense enough to support the upper layers of soil 
without, -deformation. The soil used for all the experiments was 
kept at 10% moisture content (dry basis) for ease of handling. To 
prepare the soil in the tank it was first levelled with a scraper 
and firmed down with a wooden block. The soil was then rolled wiih 
a 0.3 m dia. roller which had the saw width as the soil tank. The 
roller weighed*30 kg, - but by the addition of 20 kg weights and 
variations in the number of passes over the soil. the initial 
density of the soil could be varied. The initial gentle pressing 
of the soil with the wooden block stopped large soil movurunts for, 
the first pass of, the roller. Once the soil was at the required 
density for the test, a plastic templhte was placed on top and 
accurately positioned using guides located in the side of the 
tank. r1be template was accurately drilled with holes in a regular 
grid pattern, at'25m spacing, the holes being just large enough 
to al low a bead to be pushed through. Each bead was then pushed 
through the template into the soil to a depth so that the top of 
the bead was level with the top of the soil. This teeliniquo 
stopped the beads from being displaced during the placing of the 
Iý 
soil for the next layer. The measuring frarne was set to zero at an 
origin mark in the end of the bin, then the X, Y, Z positions of 
each bead relative to the origin logged. The next. layer of soil 
was then placed in the- tank and levelled off at. a depth so that. 
when ccinpressed to the required density woul d give the correct 
depth of soil (25mm). The bead placement. process was ifien 
repeated. It was found that at soil densities below 1.2g/ml, the 
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weighi of the upper layers of soil would c(-ciprc? ss the layers 
and the logged posilions ol 1he bead. s would cha'W('. 
was overcmie by not usinj4 I densi i iuý, lxýkm At i (, t, i 
test had been conducted the soil layers werc r(-irK)vt-, (i wiil) 
brush Io expose the beads and I heir new pos i1i on I 
2.2.3. WMM LOAD MILEY DESIGN. 
A load trolley for the tyre was designed su a con-,, ianl lcýtd (-tild 
bc, applied to the tyre no irrmier wnai ihe dellecl ion (d I li(ý I. 
Mis trolley was fixed to a huýtd. -ýiock ilLii (-()tild I)(. 
the bin at various speeds. Ilic, ms(-ýd in fIý,, I I 
(2.3). 
I" -. 
-. [, 
ý, 
x 
I P.,: 1 1: 1 
A I- 
z 1- y. 
ty, 
Figure 2.3. load trolley desipi. 
The two tyre widths to be used Iiiied a cmimkm txl( 
fruir*-,. The load was applied to the iyre by the iidchiion ol 
%kuights to both sides of the lrulley. 
I 'i 
2.3. -EXPERIMM INVESTIGATICINS. 
2.3.1. IINTHOUUMCK. 
The experimental work was conducted as two investigations: 
1) Siall scale work using 0.40 m diameter tyres with widths of 
100 and 50 mm. These investigations were conducted to nx)niior the 
niode and process of soil failure below tyres. 
2) Full scale work using a 1.1 m diameter tyre with a wid0i of 275 
mm. These investigations were conducted to verify the findings of 
the small scale. work and provide data for the verification of the 
mathematical model. 
2.3.2. SMAIZ SCALE INVESTIGATIMS. 
The small scale work was conducted to improve the understanding, 
of the process of soil compaction and to give infonration on how 
far the soil deformations extended sideways and below the e0riLaet 
patch of the tyre. In order to conduct work on the compaction 
process the tyre was'stopped and lifted off the soil in the middle 
of the measurement area. This left beads in front of the wheel 
that had not been disturbed, beads below the wheel that were going 
through the process of compacting and beads that were behind 1he 
wheel that had been fully compacted and were in their final 
position. Ibis method of monitoring allowed the process and the 
final condition of the beads to be observed. 
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Me work was conducted over a range of conditions of inflation 
pressure, initial soil density and contact width. Som- of the 
conditions were difficult to monitor, eg at a very low inflation 
pressure and high soil densities the soil deflections were too 
smll to be measured. Both tyres used had very low ply ratings of 
2 and carried a constant load of 180 kg. 
7he following runs were conducted: - 
,, Run, 
Inflation Initial soil Tyre 
number. pressure. density. width. 
kN/M2 g/n-d mm 
1 345 1.2 100 
2 345 1.3 100 
3 207 1.2 100 
4 207 1.3 100 
5 207 1.2 50 
The forward speed of the wheel was kept at a constant 20 mls in 
order to reduce the effect of inertia on the deflections. 
2.3.3. RESULIS. 
The results of the experimental work are given in Appendix (2.1). 
The method of identifying the position of a bead with respect to 
the tyre is shown in figure (2.4), where the bead at 00 is on the 
centre line of the tyre at the point where the cent re of I he axle 
was stopped and lifted off the soil surface. 
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IIEPM imm 
Distance 125 
f rom 100 
centre 75 
line of 50 
tyre 25 
(rrm) 0 
Disl ancýe I r(ci cen Ire 
111 it - oi a\ 
Ie (IT':; ) - 
150 125 100 75 50 25 0 25 50 
---------- 
------------ 
Direction of travel. 
7he dotted line shows the path of the tyre 
and the shaded area shows the position of 
the 
tyre when stopped. 
Figure 2.4 Small scale bead identification system. 
On the figure the direction of positive deflect ion is sho"Ti by 
the direction of the arrow he-ads. The result s of' i he invest irai ion 
are given as the deflections of each point , 
in Ihe 3 mutwilly 
perpendicular directions, of each layer in plan view. 'Ilic result. s 
presented only cover a small part of the act Lial area of soi I 
monitored. The grid size used was 25 mm for a grid of' 30 Nuds 
long by 10 beads wide by 10 beads deep. Also shown in 1he 
are the percentage volume changes of the clkviciiial cuh(,, -,, 
calculated from the deflection of the corrjer. s ()I' 11it, culK-ý-;, a 
positive volume change implies an increase in volume ie dilation. 
From the % volume change it is possible to find 1he actual soil 
density. It is difficult, however to see the pattern of' soil 
canpaction using the density values so the results are left as "n 
volume changes. All the results are rounded to ihe nearest mm. 
2.3.4. FUIL SCALE DEFORMATIM HEASURMOM. 
The inaccuracy caused by working on a mall L, (ýtle ritý, Lnl Iful ih(ý 
75 
- 26 - 
resul ts of the f irst experiments were of -I ittl e val ue as a means 
of verifying a mathwatical model of the 'process. To do this, 
large scale tests were needed using a full size tractor in a full 
size soil bin. A plane of beads laid across at right angles to the 
direction of travel of the wheel would provide data on the f inal 
state of the soil after the passage of a tyre. This data would be 
sufficient for the purpose of verification of the model. 
The -type of tractor used, a Leyland Mini, meant that the tests 
muld have to be carried out in a larger soil bin, approximately 
15m long by 1.8m wide with a soil depth of 0.5m. The tests were 
carried out using only one wheel of the tractor, thig wheel ran in 
the soil bin whilst the other ran on an elevated runway beside the 
bin, figure (2.5). 
SOIL 
TYRE 
BIN WALL 
............. 
............. 
...... ........ 
BEADS 
SUPPORT 
FRAME 
Figure 2.5 Full scale tractor test arrangornmt. 
The front axle of the tractor was modified so 1hal ii was 
supported by only one wheel, running outside the bin. To reduce 
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0 
the, shearing Anduced in the soil by the tyre, the tractor was 
winched along the tank. The load on the, axlel and i he inf lation 
pressure in Ahe tyre could be altered to give a range of' 
experimental conditions., The displacement beads were placed-4n the 
bin at 5Qm. - spacing; to reduce the number of beads, only half 
the disturbed soil width was covered. To obtain more precise 
results 5 ccmplete planes of beads were-placed at, 50an srucing in 
the direction of travel, the deflection of , these were averaged to 
give a more accurate resust. The same bead measuring device, 
described previously, was used, except it was turned through 900. 
In these tests the long axis covered the bin width and the shorter 
axis covered the distance along the bin.,. Extra extensions were 
also nude for the displacement transducer to allow it to go to the 
deeper depths of the larger bin. The investigations included 3 
variables, (a) initial soil density, (b) wheel load, (c) inflation 
pressure. The levels of these three experimental variables were 
selected to cover as wide a range of field conditions as possible. 
The levels are given below: - 
(a) Soil density '1.4-1.5-1.6 g/mI., 
Wheel load 9 M. 
Pressure 173 kN/M2. 
(b) Wheel loads '' 7-9-11 M. 
Soil density 1.3 g/ýa_ 
Pressure 173'kN/M2. 
(c) Pressures 69-173-276 kN/M2. 
Soil density 1.4 g/ml. 
Wheel load 7 M. 
(a, b. 'e) Wheel width 275 mm. 
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2.3.5. RESUMS. 
The results of the experiments are given in Appendix 2.2. The 
results given are the averaged deflection of the five sets of 
beads. The four tables given for each situation give the three 
principal deflections of each of the 50nn grid points and the 110 
volume change of their associated cubes. Me results are given as 
a vertical plane of deformations using the ideniificalion sysicrn 
shayn in figure (2.6). All the results are given rounded to the 
nearest whole nunber. 
Distance f ran cent. re line of wh(--Ll (Iml) 
350 300 250 200 150 100 50 0 
Posi t ion 
Depth 0 of' whee 
(M) 50 
100 
150 
200 
250 
300 
350 
400 
Figure 2.6. Full scale bead identification system. 
2.4. DISCUSSION OF RESULTS. 
Nine runs were conducted with five replications within each 
run. The runs were conducted by holding two of the variables at 
one level and monitoring the effect varing the third, a full set 
of treatment combinations was not conducled due-io the 
time-consw. ung nature of the work. A sample sei of results are 
shown in figure (2.7 a to d), these are the results of a full 
scale test with a wheel load of 11 kN and an inflaiion pres, -; ure of 
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Distance from centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
k 
Depth 0 0 " -1 -4 -7 -8 20 -41 42 
(mm) 50 0 0 0 0 4 18 39 41 
100 0 0 0 0 3 -13 '29 '30 
150 0 0 0 0 3 9 20 20 
200 0 0 0 0 2 6 15 14 
250 0 0 0 0 0 4 9 10 
300 0 0 -0 0 0 2 4 4 
350 0 0 0 0 0 0 1 1 
400 0 0 0 0 0 0 0 0 
Figure 2.7 a. Vertical 
Distance from centre line of wheel (mm) 
350 300 250 200 150 100 
N 
50 
\\ 
0 
Depth 0 0 0 0 -1 -3 
k 
-4 0 0 
(ran) 50 0 0 0 0 -2 -2 0 0 
100 0 0 0 0 0 0 0 0 
150 0 0* 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
Figure 2. 7 b. Lateral 
Distance frxxn centre line of wheel (ran) 
350 300 250 200 150 100 50 
',; ý N 
0 
Depth 0 0 0 0 3 9 
I\ SK 
27 
, 
38 38 
(mn) 50 0 0 0 0 5 12 25 25 
100 0 0 0 0 4 7 14 14 
150 0 0 0 0 0 4 8 8 
. 200 0 0 0 0 0 0 3 5 250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
Figure 2.7 C. Horizontal 
Distance fran centre line of wtxýel 
of the centre of the cube. (mn) 
325 275 225 175 125 75 
- 
25 
Depth 25 +1 +5 +10 +14 
L\ -, 
+9 +2 
(mm) 75 0 0 03 6 13 21 
125 0 0 00 4 13 19 
175 0 0 01 48 11 
225 0 0 02 48 10 
275 0 0 00 47 11 
325 0 0 0 .0 25 6 
Figure 2.7 d. Volume change 
Figure 2.7 Swple deflection results. 
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173 kN/m2. The results show that there was very little lateral 
movement of soil, figure 2.7 b, the lateral movement. that, did 
occur was in a direction away from the centreline of the tyre and 
in the surface layers of soil. A large lateral movctwnt. of soil 
was usually asscciated with some surface heave at the edge of the 
tyre, - figure 2.7 a. The horizontal defonmtions: in the direction 
of travel were large, these deformations being due to the rolling 
action of the -tyre and would be responsible for. geherating the 
rolling' resistance of the wheel. The defortrations were irainly a 
surface phenomenon diminishing as the-depth increased and not 
reaching as deep as the vertical deflections, figure 2.7 e. The 
magnitude of the horizontal deflections were related to the 
magnitude of, the vertical deflections, as the vertical deflections 
decreased so did the ý horizontal' deflections. The vertical 
deflections were usually the largest of the movcrwnts, figure 2.7 
a. occurring mainly in the area directly belav the contac. t. patch 
of the tyre. The btilk of the deformations were downward, Ihorefore 
compressive, but on the soil surface there was some heave due to 
the lack of surcharge. These results show that the mode of soil 
failure below tyres on soft compactable soil is a punch failure, 
where the vertical deflections are the most significant in 
causing the compaction of the soil. The volwre changes %werc a 
little erratic because the total volume error was the san of the 
errors of the individual corners that. trKide up 1110 Cube, this could 
amount to an error of 12%. This size of the possible error makes 
it difficult to draw any firm conclusions from I. he results. 
However the results do show that the ffmimum volLun-- change and 
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hence density does occur at a depth in the soil arxi not. al. I fie 
soil surface. Ccxnparison between the two scales of experiments 
shows that there was no change in the type of soil failure due to 
the change in scale of the work. 
The results of the small scale work detail the process by which 
soil compacts. Most of the compression occurs in the front half 
of the wheel, as shown by Table 2. A. Appendix 2.1, where the 
vertical deflections had reached approximately 80% of their 
maximum value as the centre line of the axle passes. 'I'lie full 
scale results show the following trends: 
i) Reductions in the level of deformations can lx-- achieved by 
increasing soil density (Tables 9,10,11. Appendix 2.2). An 
increase in the soil's initial density also reduces the depi. h to 
which the deformations extend and reduce the magnitude of 1, he- 
volume change, although the magnitude of the final soil density 
(Initial density* (1+ (%vol. ch. )/100)) were all fairly constant for 
each of the initial densities. 
Initial Density. 1.4 1.5 1.6 
Max. % Vol. Ch. 16 55 
Final Density. 1.64 1.57 1.68 
ii) Increases in the tyre inflation pressure significantly 
increase the level cif' the defornutions and the magnitude of the, 
imLxirrnzn volume ebange, (tables 12,13,14. Appendix 2.2). 
iii)Reducing the load from 11 to 9 kN (tables 6,7. Appendix 2.2) 
bad little effect on either the level of the deformation or the 
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I 
magnitude of the volune change but a further reduction to 7 kN 
(table 8) reduced the magnitude of the iniximum verticul def loci ion 
from 42 to 33 am and the maxinun volune change frcin 20 to 151; lo. 
Although the surface deformation did not reduce with a load 
reduction fran 11 to 9 kN the depth to which the deformation 
extended did reduce by 50 mm. 
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3. INE DEVEILFMERr OF INE SOIL DISPIACEMEIr MOUEL. 
3.1. CUILM. 
The mathematical model was based on Elasticity Theory. 
Equations from Elastic Theory can predict the deformation of any 
point in a semi-infinite material due to point loads on the 
surface. By numerically summing a number of Point loads over a 
finite area the solution could be found for a uniform load which 
approximated to a tyre on the soil surface. To increase the 
flexibility of the model the equations were modified so the 
solution was independent of load and. soil strength. These 
equations were then used to find the partial solution io a 
uniform load over a srrall square area. Tlie solution was found 
for a three dimensional grid of points and called the basic 
data matrix. The size and shape of the contact area coul d be 
varied by placing the appropriate number of basic areas along 
side each other and summing. By multiplying the solution by the 
soil strength characteristics the deflection could be found. The 
soil strength was found from tests using a confined 
canpression cylinder which induced in the test sample the type 
of failure found below a wheel . To produce a solution for a 
specific tyre and soil condition the model required Ihe 
following inputs: 
a) Contact Length. 
b) Contact Width. 
c) Contact Pressure. 
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d) Young's Modulus of the Soil. 
e) Poisson's mtio of the Soil. 
7he solution produced by the model was the defomation of each 
of the grid points in the three principal direct-ions, from the 
deflections'it was also possible to calculate the volutre change 
of the cubes and hence the ccrn. paction. 
3.2. ASSUMPrICKS 
i)-rIbe soil was assumed to be hcmogeneous, so that the smallest 
element cut from the body possessed the same material properties 
as the whole. So long as the size of the body of soil as a whole 
is large in relation to the crystalline structure the assumption 
of hanogeneity can be used with great accuracy. 
ii) The soil was assumed to be isotropic, ie its properties are 
the same in all directions. If the orientation of the structure 
within the soil is randan it will be isotropic. 
iii) The soil was assumed to be perfectly Plastic. In 
Elasticity the material should be perfectly elastic so if 
certain, limits are -not exceeded the defornation of the soil 
disappears when"the stress'is removed and the material returns 
to its original fom. This is most certainly not true for the 
compactable soils to be used in this study, therefore the model 
assumed that the soil was perfectly plastic. Once the n=xlmun 
deflection of a point in the soil had been reached it. was frozen 
at that level of deformation with no elastic recovery. 
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iv) The stress-strain, characteristics of the soil were asswry-A 
to be linear. They were represented by a Young's Modulus and 
Poisson's ratio. 'It is possible to use nbn-linear 
characteristics in two dimensional Elasticity but due -to th(33 
extra ccmplexity of three dimensional Elasticity only a linear 
model was used in this case. 
3.2.1. NOTAM[CK. 
D Constrained'Modulus. kN/mI 
E Young's Modulus. kN/M2 
G'' Shear Modulus. kN/M2 
Poisson's ratio. 
x Horizontal, in the direction of travel. 
y Lateral, 'across the direction'of travel. 
Z Vertical. 
R Resultant. 
u Horizontal'deflection. 
V Lateral'deflection. 
w Vertical deflection. 
ul Partial solution to horizontal deflection. 
VI Partial solution to lateral deflection. 
wo, Fartial'solution to vertical deflection. 
P Point load. kN 
c Depth of point load. 
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3.2.2. MOM DEVEILWKW. 
If soil were elastic, hcmeogeneous and isotropic there would be 
no difficulty in predicting the trajectory of soil particles 
that would take place as a direct result of a surface load. For 
such a simple case there are formulas from the Theories of 
Elasticity that give not only the relationship between surface 
load and stress within the soil, but also the relationship 
between load and displacement. In an actual soil it is very 
difficult to predict the magnitude of these displaconents as 
soil is not only non-hanogeneous but non-isotropic. Despite 
these complications Elasticity Theory can play a ]icy i, olv in 
displacement prediction. The results from the theories can 
provide an understanding of the displacement phenomenon and an 
approximate method for predicting displacetnents and hence 
compaction. Several methods, based on Elasticity Theory, aný 
available to predict stress distribution below surface loads, 
Sohne (1953), Blackwell (1979). These models calculate the 
stress in the soil from which it is possible, if the 
stress-strain relationship of the soil is known, lo predict 
the deflection or strain. By using two material constants 
Elasticity Theory also allows the direct calculation of 
deflection. The two constants are Modulus of Elasticity or 
Young's Modulus and Poisson's ratio. A three dimensional model 
was used as it allowed the effect of changes in the area of 
contact to be monitored as well as giving a solution I. No. showed 
the whole volume of soil compacted across the width and leng1h 
of the contact area. Three dimensional Elasticily 'llicyn-y is 
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significantly more canplex than its two dimensional 
counterpart. Due to the extra canplexity of the solution the 
model was based on a simplified linear stress-strain 
relationship. The simplest approximation for the distribution 
of the load over the contact area was a, unifonnly distributed 
load over a rectangular area, this approximated to a tyre 
running on the soil surface. The equations for this case can be 
calculated by the double integration of. a point load within the. 
limits of the area. Unfortunately this solution' was not. 
available in the literature and was too canplex. an undertaking 
to be within the scope of this study. A clcxse appn)xirzuIi(u to 
the required solution could however be obtained by nunerically 
integrating a point load over a small square area. By using a 
sunrdng procedure similar. to the one used, by Soluic, Ito solution 
for a larger and more ccmplL-x area can be found. The solution 
for a uniform load over a square, area will therefore be u-sed as 
the basic building block of the model, this calculated solution 
was called the basic data matrix.. 
3.2.3. CAIMATICK OF IM BASIC DATA MAMIX. 
The equations needed for the basic data matrix were 1.11e, 
solution to a point load on the surface of a s(vii-infinite trass. 
To simplify the calculations they should be in reclangular 
co-ordinates. Even these simple equations were riol readily 
availabl e, but they could - be develojxýd fr(Ir, IXISiC (XILlations 
given by Mindlin (1936), for a point. load at a dep1h 'e' in I. he 
interior of. a-media, equations 3.1 to 3.5. 
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Fbr a vertical load at a depth c, below the soil surface. 
Pr rs-c (3-4, u)(s-c) 4(1-p)(1-2, u) 
+ 
6cZ (Z + C) 3.1 
l6wG(I -, u)L 
is, + Rs' R, (Rt+z+c) Ril 
p 3-4, u 8(1-, u)2-(3-4p) (z-c)2 (3-4; L)(t+c)2-2cZ 6CZ(Z+C)* 
IV= +- +--+ 3.2 
R, Ri, Ris Rss R, 6 
I 
Fbr a harizmtal load at a depth c below the soil surface. 
p 3- -40)x. 4ja 1 X, (As 4)2 2cz 3X2 4 (1 -, u) 0- 
20A) X* 
3.3 
Rt(R2+, Z+C))] MrGO -PI Rt Ri Ri" RI, Ril Rs' Rs+z+c 
Jim- 
PXY rI . 3-4ju 6cs 4(1-, u)(1-210) 
_+__ 3.4 16irG(I -, u)LR, l RIS R26 R, (R, +Z+C)2 
]' 
PX X-C (3-4)i)(z-c) 6cz(t+c) 40-, u)(1-20 
WM- _+ ___+ 161rG(I - U)[ 
R13 Rss R2b Rt(Rl+z+c) 3.5 
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r1bese equations give the deflecticns due to a vertical and 
horizontal load. For the. vertical -load only the horizontal 
deflection (u) is given as the lateral deflection (v) has the 
same magnitude as u but in a different direction. By rotating 
the horizontal solution through 900, the soluticn for a lateral 
load was found. 
7b calculate the solution for a point load on the soil surface 
the following simplifications were made to Mindlin's solution. 
c=O 
Rl= R2 =R. 
Giving equations 3.6 to 3.10. 
Fbr a vertical load at tbe-soil surface. 
UV Pr 4(1-V)Z - 4(1-p)(1-2p) 3.6 
ir16 G(I-p) R3 R(R+Z) 
W 8(1-p)2 p- 11 ,I+ 4(1-p)Z 3.7 
7176 G(1-p) RR3 
For a borizmtal lcmd at the soil 
U=p 
lrl6 G(l-p) 
v-P XY 
716 G(l-p) 
w= PX 
7rl76 G(l-p) 
4(1-ýK) + 4(1-V)X2 + 4(1-p)(1-2p) 1- X2 3.8 
RR3 R+Z R (ff+Z)j 
4(1-p) - 4(1-p)(1-2p) 3.9 
R3 R(R+Z)' 
4(1-p)Z + 4(1-p)(1-2p) 3.10 
R3 R(R+Z) 
I 
Where: 
R=(X2 + y2 + Z2 
r-- (X2 + Y2 )% 
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7hese, equations can-be further simplified by substituting 
in: 
G=E 
2 (1+p) 
Equations 3.6 to 3.10 simplfy to the following: ' 
Fbr a vertical load at the sOil sUrfam- 
v= u=ýPr(1+0 
) 
- 3.1-1 
R(R+Z) 27rE 
(I 
Z2 W-- P(1+V) + 3.12 
( 
27rE 3R 
Fbr a barizmW IOEkd at the Soil Surface- 
U- p(j+p) I+ X2 + (1-2p) 
X2 3.13 ) 
, 2 ? rE R 
'ff3 R+Z R(R+Z) 
V-- P XY(l+p 
) 
3.14 
27rE R(R+Z) 2 
W-- I PX(1+0 + 112p 3.15 
27rE 3 R(R+Z) 
) 
To increase the flexibility of the model the equations were 
further simplified by taking out P/E as a caT=n factor, hence 
the solution derived was independent of load (P) and soil 
strength (E), equations 3.16 to 3.20. 
For a vertical 
V U= 
21r 
IL+O 
27r 
Icad at the soil surface. 
Z- (1-2p) 3., 16 
R3 R(R+Z) 
Z2 + 2(1-p) 3.17 
jj3 R) 
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Rw a harizmtal land at the soil surfam. 
tý- (J+V) 
(I 
+ X2 + (1-2p) 
(1 X2 J) 3.18, 
27r R 
jj3 R+Z R (-ff+ 
.1- 
(1-2p) 3.19 
R3 R(R+Z) 
W-6 X(l+p) + (1-2p) 3.20 
27r 
( 
R3 R(R+Z) 
) 
By nunerically sunrdng a large nmber of smll' point loads the 
solution would be a close approximation to a unifonn load, the 
number of loads used was a ccmprcrrdse between canputational 
speed and solution accuracy. in this case a grid of 64 point, 
loads was used in an 8 by 8 matrix over a contact area of 25mm 
by 25mm. The solution to this loading was found at discrete 
points in a three dimensional -grid, with solutions found at 
the same grid spacing, 25mm, as ihe dimensions of the square 
area. This spacing of the solution points simplified the 
sunmtion procedure used later, as when two basic square areas 
were placed next to each other the points of solution lay one on 
top of the other and could easily be sumk--d. 
One problem that had to be avoided with this form of numerical 
integration was to attempt to find the solution at a poini 
directly below the point of application of a load. At this 
point the resultant R would be zero, hence if a value of zero is 
substituted for R in equation 3.12 no matter what the value of P 
or E, the vertical 'def 1 ect ion (w) would be equal to infinity. 
7his was overcome by never putting a point load directly over 
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the point of solution, this is shown in figure (3.1). 
POINT WADS. 
POINTS OF SOLUTION 
Figure 3.1. Surface point load distribution. 
7be'basic 3 dimensional data matrix was a grid of solutions 61 
points wide by 61' points long by 31 points deep. 7be number of 
points in the matrix, could be significantly reduced as the 
solutions were all symmtrical about the X and Y axes. The 
data could'therefore be reduced to a 31 by 31 by 31 grid 
covering only one quadrant, as shown in figure(3.2). 
4Y 
o. o"e0000 
000000000 
0S0000000 
"00000000 
050000000 
000000000 
000000000 
0 
0 
L---J AREA 
Figure 3.2. Solution quadrant. 
,9 basic data matrices were developed for the three directions 
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of deflection and the three directions of surface load. - These 
solutions were -stored on'a ccrnputer as larip 3 dirwnsional 
armys. 
r1be ccrnputer-, prograrnme developed to produce the basic data 
mtricesIs given in"Appendix 3.1. 
3.3. SUMMCK PHOOMM. 
The nine, individual basic data matrices were the partial 
solution to a uniformly distributed load over a smll square 
area. By multiplying-the, solutions by, P/E the actual deflection 
was found. To increase'the area or change the shape of the area 
of solution several matrices have to be added logether in a 
simpl &" sumiing 'procedure. 'Firstly, - the,. stored data matrix was 
expanded out-fran-the one quadrant of solution, to the full four 
quadrants., This was done by reflecting, the dat. a around the 
principle axes, ýensuring that the sign was correct. The, sunning 
procedure was- greatly simplified -by selecting' the 'points of 
solution, *'at'the ý same , spacing as the size of tfu input. 
area. By placing two areas next to each other, all the points of 
solution lay, on top, of each other and the effect of,, these two 
areas could, be found by'adding, up the two partial solutions at 
the point of-interest. - 
The value obtained from the nine suTraing operations is nol the 
actual - deflection in that direction., The actual def I eel ion can 
be found in two ways, - by multipling the values after the 
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summationýby-P/E to give the solution for- an even'pressure 
distribution over the whole surface or by multiplying the 
individual matrices by an individual value of P/E prior to 
sLmudng. Me latter accounts for uneven pressure distributions 
(P) across thecontact patch of the tyre. 7bis procedure was 
repeated for each loading'direction and direction of 
deflection. The s olutions to the model are given as the 
deflections in the three principle directions of each grid point 
at a spacing of 25 mm. 
7he canputer progranme developed to sixn the basic data matrices 
is given in Appendix 3.2. 
3.4. VEIRMCAM[CK CF CAILMAITIN PHOCEDME. 
Following the completion of the dev6loprrent of, theý mathematical 
model it was important to find sow method of, checking that the 
model produced-was accurate and gave the correct solution 
according, to ý Elasticity 7beory. No published solutions 
were available for a uniformly distributed load over a square 
area, the closest solution found in the literature was for a 
uniform load over a circular area, this solution was published 
by Ahlvin and Ulery (1956). Fran the tables it was possible to 
find the vertical and horizontal deflections due to a uniform 
vertical load on the soil surface. No published work was 
f ound that-- covered deformations associated with 
horizontal /lateral, loads. ' As' the - input area'was -circular the 
solution was given at multiples of the radius of 
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the - circle, (0,0.2,0.4,0.6,0.8,1,1.5,2) in a plane along a 
radius of the contact area, figure (3.3) 
LOADED 
AREA 
SOLUTIONS 
I)ooooý 
Figure 3.3. Points of solution from tables. 
Two methods could be used to represent the square area of 
the model by a circle, either use the same area and have 
different diameters, figure (3.4a) or use a circle diameter the 
same as the square dimensions and a correcticn factor for the 
smaller load carried, figure (3.4b). 
Figure 3.4a b. I%vo metbods of representing loaded arm. 
7he second method was used as there is a sharp elTange in I he 
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level of the deflections at the boundary of the loaded area. The 
size of the square contact area used was 0.251n I)y 0.25(n and 
a circle radius of 0.125m. This gave a square area of 0.0625in2 
and a circle area of 0.04908 M2.7be pressure on Cho circle 
was increased by a factor of 1.273 nuking the load on Ix)th 
shapes the same. The cmparison of the calculated and tabulated 
vertical deflections of Ahlvin and Ulery (1956) at 0.2an spacing 
is shown in table 3.1 
DISTANCE FROM CENTRE OF CONTACT AREA (rnm). 
DEPIE 
(mm) 
0 25 50 75 100 125 187 250 
0 
MODEL E87 285 279 268 251 222 170 94 
TABLES 298 294 285 269 242 189 140 77 
12.5 
MODEL 272 270 264 253 235 207 170 94 
TABLES 258 258 248 232 206 170 137 76 
25 
MODEL 253 251 245 234 217 193 1(; (; 94 
TABLES 251 248 238 223 198 168 139 76 
37.5 
MODEL 233 231 225 215 200 181 159 týi 
TABLES 226 222 215 200 180 156 1311 76 
50 
MODEL 214 212 207 197 185 169 151 94 
TABLES 203 200 193 183 165 147 128 76 
62.5 
MODEL 196 194 189 181 171 158 145 961 
TABLES 182 184 174 164 151 136 1 
122 76 
75 
MODEL 179 178 173 167 158 147 136 93 
TABLES 163 160 156 149 139 127 115 70 
125 
MODEL 129 128 126 123 119 114 108 84 
TABLES 112 ill 107 105 102 89 70 70 
187.5 
MODEL 93 92 92 90 ý8 86 84 71 
TABLES 79 79 78 76 75 72 70 59 
Uble 3.1. Comparison of model and tabulated values. 
The correlation between the two values was g(xxt, any Nirill 
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d 
difference between the two sets of values being attributed to 
the change in the shape of the contact area and not due to 
errors in the -calculations. The same level of correlation was 
found for the horizontal /lateral deflections. Hence it could-be 
assumed that the matheautics of the model were correct and it. 
would accurately give the deflections predicted from the 
7beories of Elasticity. 
3.5. INPUM 70 INE 
3.5.1. INMIMMCN. 
The model required two groups of inputs to be able to fully 
describe an individual situation. One group was Ilio soil 
parameters, expressed as an Elastic Modulus (E) and a 
Poisson's ratio (u). The other input. group described the 
contact patch on the soil surface, ie length, width, Icad and a 
function to describe the distribution of the load. over the area. 
3.5.2. EVALUA71CN CF SOIL PAPMEIERS. 
If a point ip a loaded soil is considered, the state of stress 
and strain are linked together by a stress-strain relationship 
which can be very caziplicated. Me type of test conducted will 
effect'the mode of soil failure and therefore the stress-strain 
characteristics. It was important to find a soil test. ihat 
produced týe same mode of soil failure in the lesi Kb. iple as was 
found below the tyre in the experimental work. A &xxx)n method 
of experimentally evaluating the stress-strain characteristics 
of soil is to use a tri-axial test. The tYpe of soil failure 
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induced by tri-axial loading is in general a sheax- failLirc. The 
deflection measurements below Lyres have shown Ilut, 11i(- ol 
soil failure was a punch or cmipressive failure railiur ihýui a 
shear failure. The stress-strain relationship develqml fr(An a 
tri-axial test will not therefore represem ihe failmv hkd(m 
wheels. This is a conclusion also reuched by 
experimemers, Koolen (1974), Eriksson el al. 
that an odcrneter or confined ccrnpression lest gave ilk- mo.,, i 
realistic stress-strain relationships for a com, xicliný,, s()iI. Iii 
a confined coquression test a swq)le of' _soil 
is hold in t riý, Jd 
cylinder and load is applied to the top of the _, "-iiple hy meaný'; 
of a piston, fig-ure (3.5). 
I 
Figure 3.5. Omf inW compressi(xi aplitratus. 
Me rigid sides of' ihe cylindcr !:; iop any 
soil so -the soil can only ccii, press with no slj(ýar failtu'c', it 
similar type of failure io ihm a 1. viv. 
Representat ions of the Iwo siruss sirain curvt_, ýý ýLru ShAýh III 
figure (3.6) where in confined ecinpression, ihký ýsoil 
-I ý) - 
Confined 
compression 
T rI ýiaj riaxial 
oompression 
Vertical strain 
Agure 3.6. Comparison of stressstrain relation4dps 
During a confined ccinpression test the confining pressures C. 'wi 
become quite large, but experimental evidence has stiown that the 
effect on the stress-strain relationship is quiie -simll. The 
results of Bailey and Vanden Berg (1968) and Dunlap and Webbet, 
(1971), are shown in figure (3.7), where the differeni 
vertical to confining stress ratios have little effect on the 
stress-strain relationship. 
pore spoce 
1%) 
1 
\ 
50- 
-0.7 
0 -0.108 
\ 
\ 
\ 
Congoree 
s, 11 loorn 
Lloyd clay 
Hiwossee 
sondy foom 
1114 
0 
Q4 0.8 1.2 1.6 2.0 2.4 (Yjtt)arý 
Figure 3.7. Soil stress-strain relaticviships. 
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Hence ccmpaction of a loose soil in a confined cylinder is 
sufficient to give a relationship that relates to the stress 
state below a wheel. 
3.5.3. IESIGN OF CONFINED COMPRESSION APPARAIUS 
Conf ined canpression is not a 'ccnmnly used soil test and no 
apparatus was generally available to conduct the test, therefore 
some simple apparatus was constructed., The apparatus consisted 
of a brass tube, plate' (3.1), 50 mm diamater and 90 mm long 
with two aluminimum pistons which fitted into the brass 
tube. The aspect ratio (length/diameter) of the cylinder w. Ls 
calculated frcrn equations given by Koolen and Kuipers (1983), 
equation 3.21, so the stress at the top of the soil sample when 
placed in the cylinder was the same a stress at the bottom. 
at, . 
(D1h) - 2KLan J 3.21 
0, (Dlh) + 2KtanJ 
where: a, = mean normal stress on top of the sample, 
Ob - mean normal stress at the bottom of the sample, 
D- inner diameter of the cylinder, 
h- actual height of the sample, 
tan 6- coefficient of friction between cylinder wall and soil, 
K= a3/a3 in "ideal" uni-axial compression, without wall friction. 
In general K=0.5 (Tschebotarioff 1951). 
In this case as the cylinder had pistons in each end the 
equation gave the ratio of stress at the piston and at the 
centre line of the cylinder. By inputing into equation 3.21 11x-- 
sa; -. 1ple size used in the apparatus, an acceptable mtio of 0.7 
was obtained, this value would rise towards unity as the sample 
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Plate 3.1. Confined conwession Cyl inder and Pistons. 
canpressed and the sample height (h) decreased. 
On the outside of the cylinder were bonded two pairs of strain 
gauges placed around the circumference at the centre of the 
tube, figure (3.8). 
ERTICAL 
GAUGE 
HORIZOh 
GAUGE 
Figure 3.8. Sbrain gauge location on cylinder. 
The two pairs of gauges were the two active arms of two 
wheatstone bridges. The pair of gauges orientated along the 
vertical axis of the cylinder were designed to monitor the 
longitudinal stress in the cylinder wall. The hoop stress 
induced in the cylinder by the canpressing soil was monitored 
using the pair of gauges orientated along the circumference of 
the cylinder. The other two arms of the bridges were mounted 
on a reference plate, made of brass, which ensured that the 
outputs were temperature compensating. The longitudinal stress 
was calibrated by applying a vertical load to the cylinder. The 
hoop stress was more complex to calibrate, but was done using 
water pressure in the cylinder, the pressure was contained in 
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the cylinder using the apparatus shown in plate (3.2). 
The soil in the cylinder was loaded using a tri-axial machine 
in an open frame, the tri-axial machine was used only to apply 
strain at a constant rate to the sample. Prior to using the 
apparatus for testing soil it was used to verify the design 
criteria of Koolen. Tests were conducted where a soil 
sample was ccmpressed using both sets of gauges together, and 
the ratio of the longitudinal to the hoop stress in the walls of 
the brass cylinder was monitored, the results of the test are 
shown in figure (3.9). 
to 0$] 
0 
0 
HOOP STRESS kN/ol 
Figure 3.9. Variation of boop stress with vertical streco. 
If the friction between the soil and the cylinder walls was 
anall, the value of Poisson's ratio fran the slope of the line 
should be close to the value of Poisson's ratio for brass. This 
was because most of the longitudinal stress in the cylinder 
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Plate 3.2. Hoop stress calibration apparatus. 
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should be generated by the hoop stress induced in the walls by 
the soil as it was canpressed. The figure shows that the ratio 
was linear except at high levels of hoop stress where the wall 
friction started to have a significant effect on the ratio. A 
ccmmon value of the ratio fcr brass is 0.33, the slope of the 
line gives a value of 0.23. This showed that the wall friction 
between the soil and the brass during the ccrnpression was not 
too large and would not distort the results of future tests 
using this apparatus, as long as the level of canpressive load 
were kept below 600 kN/M2. 
3.5.4. OF YOUNG'S )COUM 
Experiments were conducted using the confined compression 
apparatus, described previously, to find the stress-strain 
relationship of the soil for a range of conditions. Tests were 
conducted to see if one value of Young's Modulus could describe 
a wide range of conditions or if individual tests were needed. 
The Young's Modulus of a material is defined as the ratio 
between stress and strain. During, a confined compression 
test the load, measured by a ring dynamometer on the loading 
apparatus and the axial strain, measured by a displacement 
transducer, could be plotted and hence a plot of stress against 
strain could be drawn. A typical relationship is shown in 
figure (3.10), where the slope of the line and hence the 
strength of the soil increases as the applied pressure 
increases. As the soil was constrained and only allowed to 
compress vertically, the axial strain represents the volumetric 
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Figure 3.10. Stre--. E;, -. strELin ctraj-actciristius in u. )nfinod cA14)ruý-; ý-; im- 
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strain of the sample, hence if the sample's initial dimerLsions 
and weight are known, the lower axis of 1he graph can be 
modified to be the sample bulk densily. If ihis wore an 
unconfined test the Young's Modulus of the soil al any rx)int 
would be equal to the slope of the line. li(mever, as Itie 
sample is constrained, the slope of the plol ai any V)jn1 is 
defined as the constrained modulus D. 
Using the following relationships the Young's hIcAulus, E, cýui 
be calculated: - 
Consb*nod Confined 
compraujon Onodulus 
0tttIt ti 
go 
I 
[CF. - P(O, + aM E 
1. Im. 
1 147. - P(U. + aA E 
'go 
[(To 
- p(a. + IYA 
oetting e. -%- 
E(I - p) 
(I +, u)(I - 2, u) 
Hence Young's Modulus is proportional to the slope of ihe 
confined ccmpression curve. For use in the prediel ion riKxlel ,I he 
actual nonlinear stress-strain curves of a soil must he 
linearised. When using Young's Modulus it is iinportwii to 
specify how the value was obtained. The two mosi c(nuam in(ýij)(xjs 
of linearising such a line is to detemine ejilwrý ilw '11angeril 
Modulus or the Secant Modulus, figure (3.11). 
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Tangent 
I 
Sb-Wn i 
Figure 3.11 Definition of Mmigent and Socant HDdulus. 
The Tangent Modulus is the slope of a sliýmýjil line dt-, mn 
tangentially to the stress-strain curve al a fx)ini . 
Tht, v; till(, 
will vary with the point selected. Tile Secani M(xW1u..,,, iý, Hi(, 
slope of a straight line connecting two sepa-mle poinis (m ibtý 
curve. The value will vary with the Joe-al ion ol 11jo Iwo 1)()inl., ý. 
If the stress incrEment is saull, the 'I'angeni M(Aulus is usually 
used, in this study the stress increment, --, will be large arld 
hence the Secant Modulus will be used. The 1w) jx)in1s (m lli(ý 
curve chosen to represent the Joading siiuilicln will lxý ilik, 
initial density of the soil and the conlacl pressure (J ihe 
wheel, figure (3.12). If for instance a lyre with a contaci 
pressure of 200 kN/M2 was operating on a soil wilh an iriiiial 
density of 1.2 g/ml the line drawn on the figure, (A to 13) wus 
used to calculate the Young's Modulus. These Iwo values wel-c 
chosen as they represent the full range of possible condition,,, 
that might be present in the soil. The iniiial dens0y 
represents the original soil condition and itic coriiaci J)F(. ý. SSUT-e 
represents the maximum stress I hat. was applied ioiI ie -, k, iI. 
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Figure 3.12. Linearized stre-s-s-sty-ain clianw-terislics. 
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Th determine the influence of soil condition on Young's Wxtulws 
a series of confined ccrnpression tests were conducted on a 
range of light textured soils at various moisture contew s in 
the range of 0 to 25% (dry basis). The stress-sir-ain curves for 
a sandy 1 oarn soil at different, misture contem s are plol I ed jn 
figure (3.13). 
ü- 
Figure 3.13. Stre&&-straur-misture content surface. 
71w surface is crossed by vertical lines of consuint ryk)isiLire 
content and horizontal lines of constant stress. The surt'ace 
shows that the relationship between the factors i-, -; cuupicx aiki 
it is not possible to have a single relationship that eovei-s a 
wide range of moisture contents. In order to nxxlel individual 
situations it was therefore advisable lo pei-fonii a (-()nfijjtxj 
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ccrnpression test at that condition and use 1he resiilis in ihc 
model. The siniplicity of the confined ccrnpressi(xi I, esi it 
is possible to test undisturbed field swiples. 
3.5.5. OF FOISaM'S RATIO 
The Elastic equations, 3.17-3.21, show that 1he -s(. )1u1ion is 
affected by Poisson's ratio. It. was important 1herefore, to get 
as accurate a meast. e of Poisson's ratio as possible for a wide 
range of soil conditions. It has been assumed that in most 
engineering problems the value of Poisson's ratio for suil is 
between 0.2-0.3 with no attempt being made lo directly measure 
the ratio. Tri-axial tests on a sand, figure (3.1,1), li; Ave sho%k7i 
that the ratio varies with strain. 
-0.8 
-0.6 
-0.4 
- 0.2 
0 
-I 
468 10 12 
Verlical strain, it, (%) 
Figure 3.14 Variation of Poisson's ratio with str-ain. 
(From lambe and Whitzran, 1979) 
The ratio only becomes constant at very la-rge s1rains, Mien-, 
the soil has failed, this value being grealer ihan 0.5 arid 
implies expansion of the sample. A Poisson's ral io of I ess i tiall 
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0.5 only occurs at the start of c(. inpression where I he swrijAe is 
decreasing in volLyne. Because of this bet-riviour it is very 
difficult to make an exact evaluation of 1he lk)isson's raijo 
using tri-axial tests. Using the confined ccmpression cylinder 
however it was possible to directly monitor I. he vertical and 
lateral stress in the sample at any tirre. Thýý I, ileral sire. -is 
in the soil being equal to the hoop stress in the confining 
cylinder. A typical plot of these two factors is shown in 
figure (3.15). The slope of the lines is not a direct ntNisure of' 
the Poisson's ratio, but it can be found usinýý Ihe foll(ming 
relationships: - 
Cry .P, 7 I- ju 
Vy 
(a y+ 
cz) 
The plot shows both the ccrnpression and the rel eLLse pal hs (A 
the sample. The ccmpression I ine is scme-what erral ic due ioi he 
"working" of the sample as -the particles rearranged. The 
release line shows a much -smoother palh as there was litile 
reworking or elastic recovery of the sample. I*)11i lincs, have 
roughly the same slope with the release line following ihe 
average path of the compression line. These plot. s show that fl)c 
Poisson's ratio is ccnstant during a confined cumpi-ession i eý, i . 
The difference betveen the starting and finishinV poinis ()n ijj(- 
lower axis was due to a small residual hoop s1ress in ihe s(-)il 
sample at the end of the test as the soil was I ighl IN, packed iri 
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I 
"0 
- --- ---- -1 - --- -- ----- -_/ RELEASE 0 
0 
CY 
E- COMPRESSlON'- 0 
0 
sb 160. ' 150 260 1 2ý 0----l EOOP STRLSS kN/ln2 
Figure 3.15. Variation of Poissý)n Is ratio durirW cAmpm. ssion. 
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the cylinder. It would be expecl ed I hai lbiss; on's rai i () is a 
constant, as it is a function of pari icle shajxý which would 
remain constant during compression. A serios ()t iests W(11, (, 
conducted on a range of lighl lextured soils il diffei-eni 
moist ure content s and i 1. was f ound tha II he I A) iss()n's j-a Ii () was 
fairly constant and fell in the range 0.23 to The value oI 
Poisson's ratio used for the model work was a. -, ýiwlk, d 1() 
be 0.25. Using a constant value of Poisson's i-al io gi-eal Iy 
Simplifies the calculations, the one sel of' 1xisic dala ngift-wo., -, 
could be used for all the calculai. ions as ihey wený mdtp(, iid(ý111 
of all inpui, s excepi Poisson's ratio. 
3.5. TYRE INPUT DATA. 
The object ive with the tyre iiipw data wa. ý-; i ý) i 
cornplex situation at the tyre-soil inlerface into u simpler 1'()Ilri 
that. can be used by the iyWel. 
3.5.1. CU? rACr AREA AND SIMSS DISMBUrION. 
The construct ion of i he model all owed cottiplex (I iýýi t-ilmt 
vertical, horizontal and lateral sires. ý-; es uvei- Hie arva 
to be considered. ExWrirriental evidence froii work(, i-ý-ý 
shown that the distribution of' stress over 1he c()n1aci aivj i, ý 
complex, see figure (3.16), dependent on I he inflai ion 
carcase stiffness and soil strenglh. 
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0 
0--- -- 1, 
04 
LENGTH (IN) 
Figure 3.16. Variation of vertical omtact stres-s over a tyrx, -. 
(ft, cm Vanden Berg and Gill 1962) 
As a first approximation to this complex situation ii wa. -, 
assmied that no lateral stress was exerted by the wheel. Tlie 
vertical and horizontal stresses were also asswned io he 
constant across the tyre width only varying wilh lengili ind 
following the stress pattern found by Vanden Berg and Gill 
(1960) for soft soil, figure (3.17). 
'20 
. 01. firm in odium 
fir 
on odium 
9"f I 
IffONT :f 
& 
@off 
p 10 
0 liýFRONWT 
V) 
LENGTH (in) 
Figure 3.17. Variation of vertical stress aloW a tym-. 
(From Vanden Berg and Gill 19M) 
Th account for the increase in the average contacl (Im, 
to the carcase stiffness of the lyre a conversion fiu-Ior, k, was 
introduced, see table (3.2). 
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ply rating 4-6 8 10-12 16 
k 1.1 1.15 1.2 1.25 
(From Koolen and Kuipers, 1983) 
Table 3.2. Conversion factor for carcase stiffness. 
The average contact stress was found by mu II ij) I yi tig I he 
inflation pressure by the appropriate k value For lh(ý ply 
rating of the tyre. 
Me vertical stress distribution, shown in figure (3.17) for 
soft soil, was ax)delled as a steadily increasing stress in front 
of the axle and a constant stress bu4iind the Hic axle. TIK, 
relationship developed to model this distriiii1ion as. -; Lva-d ihai 
in front of the axle the pressure was exurtcxl radially out l'ilmll 
the centre of the wheel, the magnitude of 1he restillam being 
equal to the average contact pressure. Behind the axlu Ihe 
pressure was assmed to be purely vertical and equal to the 
average contact pressure. The relaiionship is sh(mn it) I ljrilr(ý 
I 
(3.18). 
an D 
0 
IRECTION OF 
RAVEL 
CON7AC7 
CENTRE LNE OF TYRE 
Figure 3.18. Model of the rolling action of the tyre. 
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The actual vertical and horizontal stress disiribulions when 
calculated yield the general distributions of siress shown ill 
f igure (3.19). The f igure shows an increasing verl ical si ress 
in front of centre line of the tyre and a decreasing horizontal 
stress in the direction of travel. 
0) 
91 
: CONTACT LENGTH 
qkRffTj0N OF 
AL 
41 
CONTACT LENGTH 
Figure 3.19-. Variation of vertical and horivA)nt-al st. rens wit h 
contact ler4, rth. 
ln the model the width of contact was assumed to be equal ioi he 
section width of the tyre and the contact lerigili was calculai(ki 
from the load, contact pressure and wid1h. 
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4. VERIFICATICK OF 7W CCNPMR MODEL. 
4.1. INIHODUMCK. 
To verify the mathematical model of soil compaction the 
defonrations found in practice in the soil bin were cunpared 
with those predicted by the model. Due to the assunptions and 
simplifications used to produce the model it was unlikely that 
the model would provide an exact solution to the soil 
deformation process. The model should however, be able to 
predict the effect of changing inputs on the magnitude of soil 
deformations. Me model could be used therefore to predict the 
effect of changes in inputs such as tyre width and length, even 
though it may not be capable of providing an exact solution for 
an individual situation. 
4.2. DISCUSSICK CF NEASURED AND PREDICM VALM. 
The measured and predicted vertical deflections for a load of 
9 kN (table 7. A Appendix 2.2), are shown in table (4.1). 
Comparison of the measured and predicted deflections shows that. 
the model predicted deflections of the right order of magnitudo, 
with the vertical deflections being about 10 times greater than 
either the horizontal or lateral deflections. Although the 
predicted values were of the right order of magnitude there was 
a tendency for the model to overpredict the experimental data in 
two ways: - 
i) 7be deflections extended to a greater depth in the soil than 
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was expected fran the measured results, this also w-ant that the 
surface deflections were too large. 
ii) The deflections extended well outside the contact area of 
the tyre. 
VERTICAL DEFLECTIONS. (m) 
Distance from centre line of tyre (mm). 
DEPTH 350 300 250 200 150 100 50 
(mm) ,, / /TYRE. / 
0 
1, 
//I 
I/ "I/ 
"" / /, /, / 
"/ 
/, 
MEASURED. 0 0 0 -1 -2 16 39 
PREDICIED. 10 12 15 19 27 48 58 
50 
MEASURED. 0 0 0 0 0 1.1 35 
PREDICTED. 10 12 15 19 27 39 48 
100 
MEASURED. 0 0 0 0 4 12 27 
PREDICTED. 10 12 15 19 25 33 39 
150 
MEASURED. 0 0 0 0 3 10 20 
PREDICTED. 10 12 15 18. 23 27 31 
200 
MEASURED. 0 0 0 0 2 8 12 
PREDICIED. 10 12 14 17 20 23 26 
250 
MEASURED. 0 0 0 0 1 6 8 
PREDIC71 . 10 12 14 16 18 20 22 300 
MEASURED. 0 0 0 0 0 2 3 
PREDICTED. 10 11 13 14 16 17 18 
350 
MEASURED. 0 0 0 0 0 0 0 
PREDICTED. 10 11 12 13 14 15 16 
Table 4.1. Comparison of measured and predicted vertical 
deflections. 
Me general pattern of overprediction shown in table 4.1 was 
present in the other two directions and in all the predicted 
values of the soil bin experiments. 
0 
/1 
42 
61 
39 
51 
30 
41 
17 
32 
10 
26 
5 
22 
3 
19 
0 
16 
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4.3. MCIDIFICATIGNS 70 111E MA111WTICAL MMEL. 
Most of the over prediction was due to the model assuming that 
points out at infinity still had a deflection. The surface 
deflections outside the contact patch of the tyre were iherefore 
made up of a very large number of small deflections extending to 
a great depth in the soil. In the following sections 
modifications are made to the model to reduce the overprediction 
by introducing a cut off strain. The cut off strain is a strain 
below which no permanent soil deformation occurs. 
4.3.1. CLJT OFF SIMIN EVALUATION. 
The model assumes that all the elastic strains induced in the 
soil by the load are in fact plastic, that is, there is no 
recovery of the soil from the maximum deflection after the 
passage of the tyre. Other investigators, Gliemeroth (1953), 
Karafiath and Nowatzki (1978), have shown that although much of 
the deflection in the soil induced by the passage of a lyre is 
plastic there may be scme elastic recovery once the lead is 
removed. During the confined canpression tests, conduciod to 
measure the stres. -. strain characteristics of the soil, s('1no of 
the samples were tested to see if there was any elastic recovery 
when the load was removed. It was found in all cases that if 
there was any recovery it was too smal I to be masured, Ih is r1lay 
not however be the case for stronger less compactable soils. 
Other tests were conducted using a repeated leading technique, 
where a sample was ccmpressed until point A was reached, fig6id' 
(4.1), the load was then released followed by reloading,. When 
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0 
0 
E 
OK 
0 
0 
DE"I"d i) r'/Iill 
J'iguný 4.1. Cyclic loading of sOil- 
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5 10 15 20 
VIRTICAL 
1-2 1.3 1-4 1.5 1-6 
the loading cycle was restarted the soil did not defleel uni il 
the stress in the sample had reached the same value of stress 
as at point A. Once this stress value had been reached ihe 
stress-strain curve of the sample continued on the swne 1xiih as 
before. If the process was repeated at a higher -; ()il 
density the same process occured but a higher level ()f 
was needed before the soil returned to the original pýiih. Ilas 
implies that soil has an ability to support a certain level of 
stress without any deformation. As the sample density increases 
the amount of stress the soil can support without defl(--clion 
also increases, therefore at. any density the soil has an 
initial strength. Me strength characteristics of' the suil 
used for the modelling work were represented by a sire.. --, ýý-sintin 
curve, linearized to the form shown in figure (4.2), where IN, 
line passed through the origin. Ibis meant that for every value 
of stress, no matter how snall, there was a strain 
with it. 
j 
Strain i 
ngure 4.2 Linee ized stres, -, strain cliaracteris-tics. 
'Ib introduce a support capabilii, y to the characieri. -, iics ihe 
line should not cross the vertical axis 1hrough 11w orit,, -in, hut 
at scine point along the vertical axis, as shown in f igmv (4-1). 
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I 
Strain o 
Figure 4.3. Offset stress-strai-n cixu-acteris-tic-s. 
The value of the offset stress has to be overcorrv befoi-e ill(, 
soil will deform. The offset could have been represented as 
either a stress or a strain. In this case, as defleci ions were 
being estirrated by the model and the strain at any point in iho 
soil could be calculated from the defortnallon of' Ilie two 
adjacent layers, it was easier to represent the suplk)ri 
capability as a strain which had to be exceedtýd bk'fore iny 
permanent deflection could take place rather i1w a sires. s. The 
strain needed was represented by a cut off strain ( (c), figin-e 
(4.4), which was taken directly from Ihe slress-si niin 
characteristic of the soil. 
Figure 4.4. Representation of cut off stra-in. 
To calculate the cut off strain for any soil condiiion, a lint, 
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. GC Strain e 
was first dra"n to linearize the slre&s-si. Taýn curve of ih(ý 
soil, see figure (4.5). 
N 
E 
ui 
U 
Figure 4.5.00culat ion of cut of f strain. 
In figure 4.5 point A represents the conla(ýl siress- fit 1he 
interface between the tyre and the soil, poi nIP rqw(-. sA-r)is 
the initial density of the soil and the sl(-)pL- of 1h(, ]in(, 
drawn between these two points is proportiorutl to Young's 
Modulus. If this line is carried on dcmT) to the zer-o I ine 
at C, the cut off strain can be found by dividiný, I hi, 
deformation of the soil sanple between B and C by the samj)le 
leng-th at B. The valuc of the cut off strain vill vary viih 
Young's Modulus, contaci stress and the ini I ial soi I derisi 1 y. 
- 75 - 
VERTICAL DEFLECTION n)rn 
-rý 1,5 1*7 
SAMPLE DENSITY g/nil 
4.3.2. APPIACATICK CF CUT CFF STRAIN MCIDIFICATICK 70 PREDICM RESULTS. 
A) Vertical Deflections. 
Table 4.2 shows an example of how the vertical strains were 
modified using a cut off value. The table shows a vertical 
colizm of vertical deflections, shown as colunn 1, taken from 
table (4.1) at 50 mm from the centre line of the wheel. 
1 2 3 4 
Depth. Deformation. Strain. Modified Modified 
(mm) (mm) M strain. defonattion. 
M (mm) 
0 57.6 35.4 
20.0 18.2 
50 47.6 26.3 
17.8 17.0 
100 38.7 18.3 
16.2 14.4 
150 30.6 11.1 
10.4 8.6 
200 25.9 6.8 
8.6 6.8 
250 21.6 3.4 
7.6 5.8 
300 17.8 0.5 
2.8 1.0 
350 16.4 0 
1.2 0 
400 15.8 0 
0.6 0 
450 15.5 0 
Mable 4.2. Deflection modification. 
The strain, column 2, is calculated by dividing the difference 
in the deformation of two adjacent layers by the grid spacing. 
If the cut off strain is taken as 1.8% (table 4.3 Col. 7), 
then any strain in column 2 below 1.8% will automatically be set. 
to zero in column 3. Any strain in column 2 above 1.8% is 
reduced by 1.8% and put into colum 3, as the first 1.8k will 
be supported without any permanent soil deformation. Fran 1he 
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modified strains the modified deflections are calculated using 
the reverse of the method of moving from colum 1 to colurm 2. 
Ibis process was repeated by the model for all the vortical 
deflections. For the X and Y deflections the same process was 
used but the centre line of the contact patch in the reSPOCLiVO 
direction was taken as the origin and the strain calculaled 
outwards from this origin. 
Use of this cut off strain modification on the vertical 
deflections gave predicted results which correlated well with 
the measured values (compare modified defornutions in table 4.2 
with the measured values in table 4.1). The cut off strain 
correction reduced the defornations outside the contact area to 
zero, as the deflections at the soil surface were made up of a 
very large number of small strains that extended to a very great 
depth in the soil.. The tendancy of the model to overpredici the 
deformations below the tyre was also reduced by the cut. off 
value and a point of zero deflection was established. 
B) Horizontal and Lateral Deflections. . 
7be horizontal loads at the soil surface were an altempl. to 
rrx)del the large forward deflections infront of 1he tyre. The 
effect of -these loads was to move the zero line of the 
horizontal deflections away from the centre of the contact patch 
and to generate large surface strains both in tension and 
compression. As the soil was assumed to be isotropic the san-y-- 
value of cut off strain should be applied for the modification 
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of the lateral and horizontal deflections. 'Ibis modiffiUlion 
proved to be less successful since a further assuription wýLs 
involved, namely, that the soil had the same strength C, 
characteristics in tension as in compression. The soil is 
however very weak in tension making it difficult to model with 
one value of cut off strain. This was not a problem with a 
purely vertical load on the soil surface, as the mgnitude of 
the deflections induced in the horizontal and lateral directions 
were only about 1/10 of the maximLim vertical deflecticn. These 
small deflections reduced rapidly to zero after the first one 
or two layers using the cut off strain correction. Although the 
horizontal displacements can significantly effect soil 
compaction, see Bodman and Rubin (1948), to keep 1, he model 
simple no further attempt was made to predict them. The original 
load distribution pattern, shown in figure (3.18) was simplified 
to a purely vertical load evenly distributed over the whole 
contact area with no horizontal loads at-the soil surface. This 
meant that the model could not predict the horizontal deflection 
as it no longer represented a rolling tyre but a stationary tyre 
lowered onto the soil surface. Although this significantly 
changes the models ability to predict the three principle 
deflections it should be possible to gain sufficient. information 
frcm the very simple case of the lowered wheel to aid in the 
reduction of wheel canpaction. 
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4.4. COMPARISM OF KEASURED AND PREDI RESUMS FCKIDWIM THE USE 
CF THE CUr OFF SIRAIN. 
4.4.1. IM)13=CN. 
The experimental work was conducted with sandy loam soil at Vro 
mc)isture content (dry basis), the stress-strain characteristics 
of the soil are shoAm in figure 4.6. 
cv E 
Cl) 
(n 
w 
cc 
co 
L) 
P 
cc 
w 
VERTICAL DEFLECTION mrn 
175 1'7 
SAMPLE DENSITY 
Pipue 4.6. Soil stresa-strain r1elatiOnsbJP- 
7be full size tyre used was a6 ply grussland tyre with no 
tread pattern, 0.27.5m wide by 1.1m in diarneter. 7be twu sniAll 
size wheels used were O. 1m and 0.05m wide, both with a 
diameter of 0.4m, a ply rating of 2 and a very shallow tread 
pattern., 7be input data for the model to predict the deflections 
is given below in Table 4.3. 
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Input Contact Contact Contact Wheel Initial Young's Cut, off 
Pressure Width Length Load Density Modulus Strain 
L d 
kN/M2 m M M g1ml kN/M2 110 
. oa 1 TABLE 4.4 189 0.275 0.211 11 1.3 750 1.8 
2 TABLE 4.5 189 0.275 0.165 9 1.3 750 1.8 
3 TABLE 4.6 189 0.275 0.134 7 1.3 750 1.8 
Density. 
1 TABLE 4.7 . 189 0.275 0.165 9 1.4 968 3.0 2 TABLE 4.8 189 0.275 0.165 9 1.5 1328 6.3 
3 TABLE 4.9 189 0.275 0.165 9 1.6 1603 7.5 
Pressure. 
1 TABLE 4.10 76 0.275 0.335 7 1.3 458 2.9 
2 TABLE 4.11 189 0.275 0.134 7 1.3 750 1.8 
3 TABLE 4.12 303 0.275 0.084 7 1.3 1031 1.0 
Narrow tyre. 
1 TABLE 4.13 207 0.05 0.170 1.76 1.2 M2 1.2 
Standard tyre. 
1 TABLE 4.14 345 0.10 0.05 1.76 1.2 1214 1.1 
2 TABLE 4.15 345 0.10 0.05 1.76 1.3 1340 2.3 
3 TABLE 4.16 207 0.10 0.085 1.76 1.2 79-1 1.2 
4 TABLE 4.17 207 0.10 0.085 1.76 1.3 838 2.6 
Poisson' s Ratio 0. 25. 
7hble 4.3. Input data for the model. 
4.4.2. RESULTS AND DISCUSSICK. 
The measured and predicted vertical deflections for each of the 
experimental runs are given in tables 4.4 to 4.17. Only the 
vertical deflections are shown, as the. horizontal and laieral 
deflections were not predicted by the model and wore only 
apparent in the surface layer, with a maximun doflection of 1-2 
ran. The size of the deflections in the lateral and horizontal 
directions showed however that the model predicts, wilh the 
input conditions used, a punch failure below the tyro. 
Comparison of the vertical deflections for the full size 
experiments shows a good correlation, table 4.4, although al. 
the centre line of the wheel the model underprc-dicls lhe sut-face 
deformation and overpredicts the depth to which the deforrialions 
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Distance from centre line of wheel (m). 
350 300 250 200 150 100 50 0 
Depth (m). Tyre 
0 MEASURED 0 -1 -4 -7 -8 20 '11 - -- T2 
PREDICrED 0 0 0 0 0 31 37 39 
50 MEASURED 0 0 0 0 4 18 39 41 
PREDICrED 0 0 0 0 0 23 29 31 
100 MEASURED 0 0 0 0 3 13 29 30 
PREDICITI) 0 0 0 0 0 16 21 22 
150 MEASURED 0 0 0 0 3 9 20 20 
PREDICrED 0 0 0 0 0 10 14 15 
200 MEASURED 0 0 0 0 2 6 15 14 
PREDICrED 0 0 0 0 0 7. 9 10 
250 MEASURED 0 0 0 0 0 4 9 10 
PREDI= 0 0 0 0 0 5 (3 6 
300 MEASURED 0 0 0 0 0 2 4 4 
PREDICrED 0 0 0 0 0 3 .1 4 
350 MEASURED 0 0 0 0 0 0 1 1 
PREDICrED 0 0 0 0 0 2 2 2 
TAELE 4.4 Wheel load 11 kN., @189 kN/mI, @U. 3 g/mI. 
Distance from centre Ii no of wheol (111n). 
350 300 250 200 150 100 50 0 
Depth (m). Tyre 
0 MEASURED 0 0 0 -1 -2 -16 39 42 
PREDICTED 0 0 0 0 0 27 35 38 
50 MEASURED 0 0 0 0 0 14 35 39 
PREDI= 0 0 0 0 0 19 26 29 
100 MEASURED- 0 0 0 0 4 12 27 30 
PREDICI 0 0 0 0 0 14 18 19 
150 MEASURED 0 0 0 0 3 10 20 17 
PREDICrED 0 0 0 0 0 8 11 13 
200 MEASURED 0 0 0 0 2 8 12 10 
PREDICrED 0 0 0 0 0 5 7 8 
250 MEASURED 0 0 0 0 1 6 8 5 
PREDI= 0 0 0 0 0ý 3 .3 4 
300 MEASURED 0 0 0 0 0 2 3 3 
PREDICrED 0 0 0 0 0 1 1 2 
350 MEASURED 0 0 0 0 0 0 0 0 
PREDICrED 0 0 0 0 0 0 0 0 
TAME 4.5 Wheel load 9 M., C489 kN/a?, 01.3 gloa 
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Distance f rom centre I ine of wheel (m). 
350 300 250 200 150 100 50 0 
Depth (mm). 
0 MEASURED 0 0 0 0 0 12 3O- --T3 
PREDI(: 1 0 0 0 0 0 23 28 29 
50 MEASURED 0 0 0 0 0 11 28 30 
PREDI 0 0 0 0 0 15 20 21 
100 MEASURED 0 0 0 0 0 10 20 23 
PREDICTED 0 0 0 0 0 9 12 13 
150 MEASURED 0 0 0 0 2 8 14 15 
PREDICTED 0 0 0 0 0 5 7 8 
200 MEASURED 0 0 0 0 1 4 9 9 
PREDI 0 0 0 0 0 3 4 5 
250 MEASURED 0 0 0 0 0 2 2 5 
PREDICTED 0 0 0 0 0 1 2 2 
300 MEASURED 0 0 0 0 0 0 1 1 
PREDICTED 0 0 0 0 0 1 1 
350 MEASURED 0 0 0 0 0 0 0 0 
PREDICTED 0 0 0 0 0 0 0 0 
TAELE 4.6 Wbeel load 7 kN. 01 
(A89 kN/m2, W .j g1fla. 
Distance from centre li ne of wheel (nm). 
350 300 250 200 150 100 50 0 
Depth (m). Tyre 
0 MEASURED 0 0 0 0 0 22 
PREDICTED 0 0 0 0 0 16 20 21 
50 MEASURED 0 0 0 0 0 18 21 23 
PREDICTED 0 0 0 0 0 10 14 14 
100 MEASURED 0 0 0 0 0 12 13 15 
PREDI 0 0 0 0 0 6 9 9 
150 MEASURED 0 0 0 0 0 7 8 9 
PREDICTED 0 0 0 0 0 3 5 5 
200 MEASURED 0 0 0 0 0 3 4 5 
PREDI 0 0 0 0 0 1 2 2 
250 MEASURED 0 0 0 0 0 0 2 . 13 
PREDICTED 0 0 0 0 0 0 1 1 
300 MEASURED 0. 0 0 0 0 0 0 0 
PREDICTED 0 0 0 0 0 0 0 0 
TABLE 4.7 Soil density 1.4 g/ml. @189 kN/m2, @ 9kN. 
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Distance from centre line of wheel (mm). 
350 300 250 200 150 100 50 0 
Depth (m). Tyre 
0 MEASURED 0 0 0 0 0 11) 9- ----13 PREDICrM 0 0 0 0 0 3 5 5 
50 MEASURED '0 0 0 0 0 3 5 6 
PREDICrED 0 0 0 0 0 1 3 3 
100 MEASURED 0 0 0 0 0 1 3 3 
PREDI 0 0 0 0 0 0 1 1 
150 MEASURED 0 0 0 0 0 0 1 1 
PREDIC 0 0 0 0 0 0 0 0 
200 MEASURED 0 0 0 0 0 0 0 0 
PREDICI 0 0 0 0 0 
TAELE 4.8 Soil density 1.5 g/ml., @189 kN/mI, @ 9kN. 
Distance from centre line of wheel (rrin). 
350 300 250 200 150 100 50 0 
Depth (mm). Tyre 
0 MEASURED 0 0 0 0 0 0 2 3 
PREDICrED 0 0 0 0 0 0 0 0 
50 MEASURED 0 0 0 0 0 0 0 0 
PREDICrED 0 0 0 0 0 0 0 0 
TAELE 4.9 Soil density 1.6 g/ml., M89 kN/mI, @ 9kN. 
Distance from cen tre li ne of wheel (mn). 
350 300 250 200 150 100 50 0 
Depth (mm). L lym, 
0 MEASURED 0 0 0 0 0 -- is 2 67-'- -21 
PREDICrED 0 0 0 0 0 18 19 20 
50 MEASURED 0 0 0 0 4 16 18 19 
PREDICrED 0 0 0 0 0 13 14 15 
100 MEASURED 0 0 0 0 11 11 11 111 
PREDICrED 0 0 0 0 0 9 10 11 
150 MEASURED 0 0 0 0 0 4 6 7 
PREDI= 0 0 0 0 0 5 6 7 
200 MEASURED 0 0 0 0 0 0 1 2 
PREDICIM 0 0 0 0 0 2 4 5 
250 MEASURED 0 0 0 0 0 0 0 0 
PREDICI 0 0 0 0 0 1 2 2 
300 MEASURED 0 0 0 0 0 0 0 0 
PREDICrED 0 0 0 0 0 0 0 0 
TAME 4.10 Cmtae-t pressure 76kN/m2., fA. 3 g/ml, @7 M. 
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Distance fran centre line of wheel (mm). 
350 300 250 200 150 100 50 0 
Depth (mm). Tyre 
0 MEASURED 0 0 0 0 0 15 28 32 
PREDICrM 0 0 0 0 0 22 28 29 
50 MEASURED 0 0 0 0 0 9 24 30 
PREDIM 0 0 0 0 0 15 20 21 
100 ME-ASURED 0 0 0 0 2 7 18 24 
PREDIL. -I 0 0 0 0 0 9 12 13 
150 MEASURED 0 0 0 0 1 5 10 12 
PREDIMD 0 0 0 0 0 5 7 8 
200 MEASURED 0 0 0 0 0 4 7 8 
PREDICITD 0 0 0 0 0 3 4 5 
250 MEASURED 0 0 0 0 0 3 1 4 
PREDICrED 0 0 0 0 0 1 2 2 
300 MEASURED 0 0 0 0 0 0 0 1 
PREDICI 0 0 0 0 0 0 1 1 
350 MEASURED 0 0 0 0 0 0 0 0 
PREDICTED 0 0 0 0 0 0 0 0 
TAELE 4.11 Omtact pressure 189 kNfirP., @A. 3 g/ml, @7kN. 
Distance frcrý cen tre line of wheel (m). 
350 300 250 200 150 100 50 0 
Depth (mn). Tyre 
0 MEASURED 0 0 -3 -4 -5 Zb qj 4ý 
PREDIC-1 0 0 0 0 0 29 34 35 
50 MEASURED 0 0 0 0 0 20 40 42 
PREDICIM 0 0 0 0 0 21 25 27 
100 MEASURED 0 0 0 0 3 16 30 31 
PREDICI 0 0 0 0 0 14 17 19 
150 MEASURED 0 0 0 0 0 9 16 17 
PREDICrED 0 0 0 0 0 9 11 12 
200 MEASURED 0 0 0 0 0 5 9 10 
PREDICrM 0 0 0 0 0 6 7 8 
250 MEASURED 0 0 0 0 0 3 5 5 
PREDICrED 0 0 0 0 0 4 5 5 
300 MEASURED 0 0 0 0 0 0 2 2 
PREDICTED 0 0 0 0 0 2 3 3 
350 MEASURED 0 0 0 0 0 0 0 0 
PREDICrED 0 0 0 0 0 0 2 2 
TAME 4.12 OontaCt pressure 303 kN/m2., M. 3 g/ml, @7kN. 
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Distance f rom centre I ine- of wheel (nin). 
175 150 125 100 75 50 25 0 
Depth (mm). I 
_ 
- 
0 MEASURED 0 0 0 0 0 0 6 
PREDICTED 0 0 0 0 0 0 8 8 
25 MEASURED 0 0 0 0 0 0 5 8 
PREDICTED 0 0 0 0 0 0 5 5 
50 MEASURED 0 0 0 0 0 1 3 4 
PREDICMD 0 0 0 0 0 0 3 3 
75 MEASURED 0 0 0 0 0 1 1 2 
PREDICTED 0 0 0 0 0 0 2 2 
100 MEASURED 0 0 0 0 0 0.. 0 0 
PREDICTED 0 0 0 0 0 0 1 1 
125 MEASURED 0 0 0 0 0 0 0 0 
PREDICTED 0 0 0 0 0 0 .0 0 
TAELE 4.13 kbaTaw tyre., @207 kNIrr?, @1.3 g/rnl, @1.76 kN. 
Distance from centre line of wh eel (nin). 
175 150 125 100 75 50 25 0 
Depth (m). IT yre 
0 MEASURED 0 0 0 -1 -2 3 10 11 
PREDICTED 0 0 0 0 0 11 13 13 
25 MEASURED 0 0 0 0 0 3 8 10 
PREDICTED 0 0 0 0 0 7 9 9 
50 MEASURED 0 0 0 0 0 2 6 7 
PREDICTED 0 0 0 0 0 4 5 5 
75 MEASURED 0 0 0 0 0 1 3 4 
PREDIC`1 0 0 0 0 0 2 3 3 
100 MEASURED 0 0 0 0 0 1 2 2 
PREDICTED 0 0 0 0 0 1 2 2 
125 MEASURED 0 0 0 0 0 0 0 0 
PREDICTED 0 0 0 0 0 0 1 1 
150 MEASURED 0 0 0 0 0 0 0 0 
PREDI 0 0 0 0 0 0 0 0 
TAELE 4.14 Soi-I density 1 .2 g/ml 
@ 345 kN/& 
. 
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Distance from centre line of wheel (nin). 
175 150 125 100 75 50 25 0 
Depth (m). I 'Pyre 
0 MEASURED 0 0 0 0 0 1 5 7 
PREDICTED 0 0 0 0 0 7 9 9 
25 MEASURED 0 0 0 0 0 0 3 5 
PREDICTED 0 0 0 0 0 4 5 5 
50 MEASURED 0 0 0 0 0 0 2 3 
PREDICTED 0 0 0 0 0 2 3 3 
75 MEASURED 0 0 0 0 0 0 1 1 
PREDICTED 0 0 0 0 0 0 1 1 
100 MEASURED 0 0 0 0 0 0 0 0 
PREDI 0 0 0 0 0 0 0 0 
TABLE 4.15 Soil density 1.3 g1ml @ 354 kN/M2, @1.76 kN. 
Distance frorn cent. re line of wheel (ran). 
175 150 125 100 75 50 25 0 
Depth (mm). I Tyr 
0 MEASURED 0 0 0 0 -1 2 6 7 
PREDI 0 0 0 0 0 8 10 10 
25 MEASURED 0 0 0 0 0 2 6 7 
PREDICTED 0 0 0 0 0 4 6 6 
50 MEASURED 0 0 0 0 0 1 5 6 
PREDICTED 0 0 0 0 0 2 3 3 
75 MEASURED 0 0 0 0 0 0 2 2 
PREDICTED 0 0 0 0 0 1 1 1 
100 MEASURED 0 0 0 0 0 0 1 1 
PREDICTED 0 0 0 0 0 0 0 0 
TAULE 4.16 Soil density 1.2 g/mI @ 207 kN/ml, @1 . 76 kN. 
Distance from centre l ine of wheel (mm). 
175 150 125 100 75 50 25 0 
Depth (m). _ I Tyre 
0 MEASURED 0 0 0 0 0 1 3 5 
PREDICTED 0 0 0 0 0 6 8 8 
25 MEASURED 0 0 0 0 0 0 2 4 
PREDICTED 0 0 0 0 0 3 5 5 
50 MEEAýD 0 0 0 0 0 0 1 2 
PREDICrED. 0 0 0 0 0 1 2 2 
75 MEASURED 0 0 0 0 0 0 0 1 
PREDICTED 0 0 0 0 0 0 1 1 
100 MEASURED 0 0 0 0 0 0 0 0 
PREDI 0 0 0 0 0 0 0 0 
TAELE 4.17 Soil density 1.3 glml @ 207 kN/m2, @1.76 kN. 
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extend. Discrepancies between the measured and predicted values 
could be due to the following factors: - 
i) The linearization of the stress-strain curve. The model uses 
a linearized stressý-strain characteristic to simulate the 
strength of the soil. Even though the chosen relationship 
satisfies the boundary conditions of the soil there arc, likely 
to be errors induced by the procedure. This linearizing method 
tended to over estimate the soil strength at. depth (B) and 
underestimate the soil strength at the surface (A), this is 
shown by figure (4.7). The slope of the line at any point is 
proportional to Young's Modulus, the steeper the slope the 
greater the value of Young's Modulus and the strongur the soil. 
The linearized soil strength is marked on the figure, A 
represents the condition at the tyre soil interface, B 
represents the condition deep in the soil. The slope of the 
linear Young's Modulus at A is less than the actual slope, I. he 
model therefore assumes weaker soil at the surface. The opl)osile 
is true of B where the model assumes the soil is stronger. The 
effect of using a model based on a non-linear Ybung, 's Modulus 
would be to reduce the strain at the soil surface and increase 
the strain at depth. Table 4.18 shows the difference in measured 
and predicted strain, the results are taken from table 4.6 under 
the centre line of the wheel. 
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Figure 4.7. Unmrized stresýý-stna-m cfr&nacteristics. 
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Depl h Det, lucl ioll (11111) (', ý) (rrrn) Measured Predicicd MeasLircki lInfliclod 
0 33 29 
6 1 G) 
50 30 21 
1G 
100 23 13 
16 
150 15 8 
12 
200 95 
8 
250 52 
8 2 
300 11 
2 
TUble 4.18 Comparison of measured and predictcA st. r-airLs. 
The table shows that. if I lie surface kv(ýI-(, lvdilct'd : 110 1 1)(. 
sl rain deep in the soil were increased a signi f'icanl 
in the correl at ion would resu I I. II is possi I) I(, Io 
non--linear stress-strain relationship in an ileru ive 
but to accomplish this in three dimensions would involvo a vot-Y 
large and ccmplex model. 
ii) The simplification of the surface load--ý. The ii i0d (, I 
assumed a very simple disiribul ion ot' load ai I h(- I 
where the tyre did not produce any hoiýizonlal c(vqxm(ýiit (d I(xid. 
This is by no means true of the field situat i0ii wh(ýi-(, I li(ý 
roiling resistence of the wheel is due to hOri/-()iiIal iýmýý 
between the deforming soil and the iyt%ý. Addif i0ii ()I ltýwiz, ml'tl 
loads at the surface would induce ý, hear in IN, (d 
soil and would increase the vertical defleclion. A]. -4) lh(ý w(xl(, 1 
did not predict i, he slight. increase in Ilx, wid1h (d Ihký icýtl 
soil deforirrat-ion as the depi. h increa.,, ed, ithlo 1.5, ()1- Ili(- 
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curved shape of the rui at the surlaw, fipirk-ý ihtýs, -- iAO 
prob] ems are I inked. 
MEASýRED OR ICI NAL 
SOIL SURFACE 
................ 
PREDICTED 
Fitj; umý 4.8 Ckxnparison of mLras-urod arid pyxýdictod surf'aw fi-I'(wiml ion. 
Although the model assLimed that ihe lcxtd on i1w 
was purely vertical and carried evenly ovur ill(, wlydk, (-111wl 
IYaLch, the true pattern of stress distribut i0ii al ! h(- iwtýilwký 
is in fact very canplex. 'M(-, shalx-, of' ttký (-ýwciil,, - ()I iii, 
also affects the way the load is iran--intied iu iho soil. In ih(ý 
case of the tyres used in this siudy their ýAitp- WL-, 
rounded. Uhis tended to reduce the magnilude of' ilK, veriical 
stress and increase the lateral slres. -ý ul 11w (ýdre. of itit- 
contact area. The effect. of this would LKý io recftit-ýe i1w rul 
depth at the edge of the contact area and spr(ýad I h(- ver-i ical 
deforTmiions out as the depth increased. 
iii) The presence of a rigid boitcm to Ihe -, k)il bin. Iri ific 
experi. rwni. al work i. he soil bins used YLad riý, id 
distance below the final layer of bead.,,, wti(, i-ct. -ý Ilic, modt, j 
assm)ed that, the soil was infiniiely doet). 
iv) The grid size Used fur i h(2 n" 
I( I A,,, )i- I- 
. 
11 N.. -, I 
ý, 
ý, )K )iIýI(, I, ) 
use any size of grid, bui the ýiitiller Itw vrid sixt- ust-d ih, - 
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larger the ntimber of points to be calculated and the slower the 
model ran on the ccmputer. The size of the grid used was 25 m 
this limited the dimensions of the contact area to multiples of 
25 mm. As the contact size increased, the error due to rounding 
to the nearest 25 mm was reduced. With -small contact areas, such 
as the model tyres, the error caused by the grid size could Lx-ý 
quite large. 
v) Soil strength. No account was taken of the effect of Soil 
strength on the contact area of the tyre. At a high soil 
strength the contact area of the tyre is srull in canjuriýw; on to 
the contact area on a weak soil. 
Taking the results as a whole the model showed that. ii. can 
predict with reasonable accuracy the deformations in a 
compactable sandy loam soil for a wide range of inpul. 
conditions. More significantly, the model showod IhaIiI ciin 
quite accurately model the effect of changes in the input 
conditions. The model will therefore be a useful tool for 
assessing the sensitivity of soil ccrnpaction to various input. 
conditions. 
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5. COMPUM INVEWIGATICK INTO = SINSITIVITY OF SOIL 'ID (XWAUrION. 
5.1. IMUJouMCN. 
In the previous section it has been shown that I fie model uin, 
with reasonable accuracy, predict the deformations on coarse 
textured soils when subject to externally applied loads. The 
model can therefore be used to develop a be I. t, er 
understanding of how the input conditions of the soil effect 
compaction. The model alloued all but one of the inputs to be 
held constant and by monitoring the change in the output of the 
model, the sensitivity of the soil to compaction resul I ing 1'nvi 
tham input was be found. 7bis was a useful feature of Me 
model as in the field the inputs are all inter-relatod. The 
inputs chosen were those that are easily varied in a farmir4,, 
situation, such as tyre pressure and axle load, a]-so the 
effect of density interactions was monitored. Such variables as 
soil moisture content, though undoubtedly an important. factor 
influencing compactability can not easily be varied by the 
operator of an agricultural machine. 
5.2. PRESERrATICK CF RESUMS. 
The output. of the ccmputer model was the deflecticn of each of 
the grid points in the three mutually perpendicular direction,,; 
and the % Volurre ebange of each of the elemental cubes. The 
VOlune change of each cube was calculated frcin the deflections 
Of the eight corners. Me simplest way of represent. ing such a 
large amc)unt, of data is shown in figure (5.1 a, b), these two 
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f igures are (a) an end view across the axle of' I tie I r-uci or 
af ter the wheel has passed, (b) a side v iew al ong i he cen i t-(. uf 
the tyre. 
I S E. 
-1 -T - -7 7, 
F. F- T. I 
END VlEW 
YW 
Figure 5.1. GraphLical representation of tbe m-sult. s. 
On each of the figures the position of Ihe iý, rmtrkoi. 'Fli(ý 
two figures show the resulting canpaction after Ihe Irw-l()I, 
passed and the process of the canpacl. ion as il occiii-s mid(. 1- Ili,. 
wheel. These two figures give a Vood graphicýil ion (d 
how the soil has def ormed and the re-sLil I inr vi)l oix - (im. 
to the def ormation. This f onn of presentat ion of i-t IIs rniýie ii 
difficult however to directly canpare two or rawe truaimenis, 
therefore a number of pertinent indicalors wct-e Oj(). sen i () 
describe the situation and provide an ea. ý, y nKarl. -; of I re; ilr: xým 
ecrnparison. 
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L1iARY 
The following indicators were found to best describe the 
situation: - 
a) rut depth. 
b) rut width., 
c) value of nux. volune changre. 
d) depth of nm. volmm, cliange. 
e) a=. depth of disturbance. 
f) % volune cbange at each level of clunge. 
g) surr-volume cbange. 
The definition of "all to "ell are self explanatory, 'If" was 
calculated by f inding the nunber of occurences of caell 1, vul uju 
changes in the ccmpacted soil left behind after the Ybeel had 
passed. An example of how this was done is shown using figure 
(5.2). 
Using the figure it is possible to see that a 12% volume 
reduction occured once, a 10% volume reduction occured once and 
a 4% volume reduction occured four times. These values give a 
good picture of -the distribution of the levels of canruction, 
showing for instance if there was a large amount of low level 
ccrnPaction or a large amount of a high level of ccmpaction. 
As the results were taken from figures such as- figure 5.2 they 
only covered half- the soil width disturbed froin the 
centreline of the tyre outvrards, the full effor-1. of a lyre 
could be found by multiplying the solution by Iwo. The value 
of vigil was calculated by multiplying the % voltzw change by 
the number of occurences; and suuming for all ihe valucs, foun(I 
in 'If ", this figure gave a global value of the w: x)uni of soil 
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3 3 
0 lb 0 0 0 0 0 0 0 0 
* 
0 0 -17 -17 
-13 -16 
12 
lb ID S 0 0 0 lb 
lb a ID 0 0 0 0 a 0 0 a 
0 0 0 a lb 0 0 a 0 
lb lb 0 a 0 0 0 lb 0 0 0 -2 
0 0 lb 0 0 ID 0 0 0 10 a -1 
0 0 lb 0 lb 0 10 0 0 0 a -1 -2 
a 0 lb 0 0 a 0 0 0 0 0 -1 -2 -2 
10 0 0 0 a 0 0 0 0 
T 
0 0 a a lb lb 0 lb a lb 0 0 
0 0 0 0 0 
0 0 a 0 lb 0 0 a 0 0 a ib 0 lb 0 
0 lb 0 0 0 0 0 0 0 
0 lb 0 10 10 11 11 11 11 10 11 11 11 11 
Kgure 5.2. % voli chazWe distribution calculation. 
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canpaction of each situation, again the results only cover half 
the width of soil disturbed. 
5.3. CCMPUnR INVEMGATICN. 
5.3.1. INIMIDUMCK. ,-` 
The following investigations were conducted: - 
a)The effect of contact geometry (length and width) on 
soil cappaction for three levels of wheel load. 
b)The effect of contact pressure on soil compaction for 
three levels of wheel load. 
c)Tbe effect of initial soil density on soil empaction 
for, three levels of contact pressure. 
Each investigation will be considered in'turn. 
5.3.2. TYM CEDNETRY. 
An investigation was conducted into the effect of the shape of 
the contact patch of the tyre on the compaction of soil. The 
contact pressure and area of contact were kept. conslant. 
whilst the'shape of the contact area was varied from a long Ihin 
to a short wide contact. r1be change in shape of* Me arva was 
expressed as an aspect ratio, found from the ratio of 
length/width of the contact area. As the contact pressure and 
the soil density were kept constant the Young's Modulus and cut. 
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off strain were also constant. In order to monitor the effect of 
different levels of wheel load the contact. patch shape was 
varied for three areas of contact. The input data for the iwodcl 
is given in table (5.1). 
5.3.3. RESUMS AND DISCUSSICK. 
The full results are given in Appendix (6.1) and suarurisxKi in 
table (5.2). The results show that rut depth increased as t lie 
load on the wheel increased. There was also some am-11 variation 
in the rut depth with changes in the aspect ratio of the coniaci 
areas. A square contact area had the largest rut depth, this wa--; 
due to the square area having the smallest circim ference. The 
rut width is not shown as it was found that in all cases the rut 
width always equalled the contact width of the area, as would be 
expected with a punch failure. The maximum volume change 
remained fairly-constant no matter what the load or shape of the 
contact area. This indicates that the level of the maximum 
ccrnpaction may be related to the contact pressure. This was not, 
confirmed by the experimental results where a change in load 
from 7 to 11 M. increased the level of the i,. =ximu--. i voltuzu 
change- from 15 to 21% (Appendix 2.2 table 6.1) and 8. D. ). Sxixi 
of the difference could have been due to the large grid size 
used, such that when the volume was calculated it gave the 
average volune change for the cube and not the maximun value. 
The depth of maximum cempaction (volune change) varied quile 
considerably with aspect ratio making it difficult to confirta 
any pattern in the results. Sam experimenters have found that. 
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Input variables: - 
Moisture content lul; 
Initial soil density - 1.3g/ml. Ground contact pressure 238 kN/ml. 
Soil Young's modulus 957.5 
kN/M2. 
Cut off strain 2.91 
Poisson's Ratio 0.25 
TDad 1 12M. 
Gecmetry 
2 3 4 5 
width (m) 0.125 0.175 0.225 0.275 0.425 
length (m) 0.425 0.275 0.225 0.175 0.125 
IDad 2 18M. 
Gecmetry 
12 3 4 5 
width (m) 0.175 0.225 0.275 0.325 0.425 
length (m) 0.425 0.325 0.225 0.175 
Inad 3 25M. 
Gecxnet ry 
12 3 4 5 
width (m) 0.225 0.275 0.325 0.375 0.475 
length (m) 0.475 0.375 0.325 0.275 0.225 
Aspect ratio. 
lmd '1 23 4 5 
(M) 
12 3.4ý 1.57 1 . 63 . 29 
18 2.4 1.4 1 . 69 . 411 
25 2.1 1.36 1 . 73 . 47 
7hble 5.1 
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A. RUT UEPIU (um). 
Aspect ratio 
Load 1 23 4 5 
(M) 
12 27 
ý30 
32 29 27 
18 35 37 39 37 35 
25 43 45 46 45 43 
B. M AXIM WUME CHANGE 
Aspect ratio 
Load 1 23 4 5 
(M) 
12 17 16 17 16 V; 
18 17 17 17 17 16 
25 17 17 17 17 16 
C. EEPIH CF MAXIMUW VUUNE ORANGE (mm). 
Aspect ratio 
Load 1 23 4 5 
(M) 
12 50 25-75 75 50-75 50 
18 25-50 50-75 50-100 50-75 50-100 
25 25-50 100 75-100 100 50-125 
D. DEPM OF DISIURBANCE 
Aspect ratib 
Load 1 2 3 5 
(M) 
12 0.400 0.400 0.425 0.400 0.400 
18 0.500 0.500 0.525 0.500 0.500 
25 0.600 0.600 0.625 0.600 0.600 
Table 5.2 a, d 
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IDM 12 kN 
Nunber of Occurrences. 
Percent 
volume A=ýt, Ratio 
change 3.4 1.57 1 0.63 - 0.29 
5 .0 0 & 
0 0 
4 0 0 1 1 0 
3 3 3 2 1 1 
2 1 1 0 0 0 
1 1 0 1 1 0 
0 294 280 266 255 218 
-1 10 10 11 14 22 
-2 7 7 9 10 16 
-3 3 6 8 11 13 
-4 4 5 6 6 '9 
-; 5 4 5 5 5 8 
-6 4 4 6 4 7 
-7 2 2 1 3 4 
-8 2 2 3 4 3 
-9 2 2 3 2 5 
-10 1 2 2 3 3 
-11 1 2 3- 2 4 
-12 1 2 1 3 1 
-13 1 2 3 2 10 
-14 1 1 1 4 5 
-15 0 1 7 5 7 
-16 1 6 ý4 
7 6 
-17 2 0 1 0 0 
-18 0 0 0 0 0 
-19 0 0 0 0 0 
-20 0 0 0 0 0 
1 Mc 1 -239 1 -365 1 -489 -5CA Ef: 1 
lUble 5.2 e. - 
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IDAD 18 kN 
Nunber of Occurrences. 
Porcent , 
volurTie Asnect Ratio 
change 2.4 1.4 1 0.69 0.41' 
5 0 0 0 0 0 
4 0 1 2 2 1 
3 4 3 2 1 1 
2 1 0 0 0 0 
1 0 1 0 1 0 
0 266 249 228 215 187 
-1 13 14 18 22 25 
-2 9 12 13 15 19 
-3 6 7 13 12 16 
-4 6 10 8 10 10 
-5 6 5 7 6 12 
-6 5 5 7 7 6 
-7 4 4 4 6 7 
-8 3 3 6 5 4 
-9 3 3 2 2 5 
-10 3 3 4 5 3 
-11 2 4 3 3 5 
-12 3 4 4 3 5 
-13 1 1 2 3 7 
-14 1 3 3 5 8 
-15 1 4 10 5 4 
-16 3 5 4 10 16 
-17 3 3 4 2 0 
-18 0 0 0 0 0 
-19 0 0 0 0 0 
-20 0 0 0 0 0 
ITMAL 1 -427 1 -589 1 -743 -839 
1 
-1030 
Table, 5.2 f. 
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IDAD 25 M 
Number of Occurrences. 
Percent 
volurre Aspect Ratio 
change 2.17 1.36 1 0.73 0.47 
5 0 0 0 0 0 
4 2 2 2 2 2 
3 4 3 3 2 1 
2 0 0 0 0 0 
2 3 1 0 0 
0 228 208 186 171 132 
-1 23 25 30 31 43 
-2 14 17 21 23 23 
-3 10 13 14 17 21 
-4 9 10 13 12 16 
-5 19 - 
10 11 12 I'l 
16 7 6 7 8 11 
-7 4 6 5 7 8 
-8 5 2 7 6 7 
-9 5 5 6 6 4 
-10 4 7 , 4 3 8 
-11 5 5 5 6 6 
; -12 4' 5 5 8 4 
-13 1 2 5 2 13 
-14 3 4 4 11 6 
-15 2 5 11 6 8 
-16 6 11 8 15 24 
-17 4 2 5 2 0 
-18 0 0 0 0 0 
-19 0 0 0 0 0 
-20 0 0 0 0 0 
L 
TOTAL 1 -687 
1 -859 
ý1044 1 -1152 
L1426 
IlLble 5.2 g 
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the depth is related to half the width of the tyre. Fran the 
7heories of Elasticity applied to isotrcpic soils, the expected 
observation would be that the depth is af unction of I lie shorter 
of either the length or width of contact patch. On careful 
examination of the results it is possible to see the expected 
pattern of an increase in depth with an increase in area, the 
deepest maximun occurring when the area was square, reducing as 
either the length or width reduced. Estimates of the maximum 
depth of disturbance show that the aspect ratio of the lyre did 
not change this depth. Increasing the load and the area of 
contact significantly increased the depth to which soil was 
canpressed. 
Me most interesting results are provided by the patAern of the 
volume changes, see table (5.2 e-g), which indicates the number 
of occasions that a particular volume change was recorded. TI-x-, 
zero volume change line gives a measure of the volume of soil 
undisturbed, which as the area of soil in the model was always 
the same, gave a aieasure of the amount of soil compressed. 
Number of occurrences of zero volume chantp 
Aspect ratio 
3.4 1.57 1 0.63 0.29 
294 280 266 255 218 
(Mram Table 5.2 e) 
Me table shows that as the contact becarm lonMr and thinner 
(aspect ratio increasing) the area of soil undisturbed 
increased, as the area of soil with zero volume change 
increased. This showed that a long thin tyre contact. was causing 
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less soil to be canpressed than a sbort fat one. 
0 
"N 
0 
0 
LOAII 1 
12 kN 
0 0-5 1! 0 
, 
15 2-0 25 
1 
10 3ý5 
TYRE ASPECT RATIO. 
Figure 5.3 Sensitivity of ccxqpaction to load and aspoct ratio. 
7be sunTed volune changes are plotted in figure (5.3) which 
shows that the level of the load effects the magnitude of the 
total volume change. The slope of the graph at any point 
indicates the sensitivity of soil to compaction due to the 
inputs. The slope of the graphs shows that the sensitivity of 
soil to canpaction is strongly dependent on the aspect ratio of 
the tyre and independent of the level of the load. As the 
contact shape becomes longer and thinner, the sensitivity 
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reduces to a minimun value at an aspect ratio of 2.5, further 
reductions in the width do not significantly reduce the amDunt 
of soil canpaction. 
OMWILCT RATIO 
3-4 147 1 0-63 o-29 
IL 
0 
z 
2 
- 
I]. 
--i 
ela 
TOTAL VOLUME CHANGE % 
478 730 978 1128 1584 
Fi, gure 5.4 The effect of contact shape on soil caWartion. 
Figure 5.4 shows the contact shapes and the total voluTe change 
of the soil due to-the shape of contact on the soil surface for 
a constant contact load of 12 M. 7be figure shows that the 
contact'shape has a significant effect on the amount of soil 
damaged, as shown by the increasing number below, with large 
reductions in the total compaction when the width of the contact 
was reduced and theAength increased for the same contact area. 
Mis was due to the process by which soil ý compacts below 
the tyre. As the tyre rolled it canpressed the soiI until the 
strength increases to the point where it could support the 
pressure on the surface without further deformation. With a long 
thin contact after the front of the tyre had passed and 
compressed the soil the rest of the tyre caused very little 
further deformation. This situation does not represent a true 
field condition as it assumes no shear stresses are applied to 
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the soil by the tyre., Experimenters such as Bodaran and Rubin 
(1948), figure (5.5), have shown that-shearing causes an 
increa-se*in the ccmpaction. 
OSHEAR BEGINS 
-2.0. IL 
- L9 - , 
Ls 
L4 NORMAL LOAD 2KO/ent' 
L2 
LO - 
rSHEAR 
nC VOLUME AT SATURATION 
OA - 
0.2- 
TIME (moc) 
Figure I 5.5. "Ibe effect of sbea on soil specific voluna. 
If shear were applied to the soil surface, in the case of a 
long thin tyre the shear deformation per unit width would be 
greater than that for, a, short wide tyre. This would iend to 
distort the- results more in favour of the wider tyre for lower 
levels of compaction. 
5.3.4. CCt? rACr PRESSURE. 
An investigation was conducted into the effect on soil 
ccmpaction of changes in the contact pressure at a constant soil 
density, for three levels of load. The wheel was assmod to'have 
a constant contact width of 0.275m, changes in inflation 
pressure only varying the length of contact. Mis assumption 
may not be -strictly. true but due to the lack of a generally 
accepted theory of the effect of inflation pressure on coniact 
width, it provided a good approxinution. It was also assumed 
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that the tyre had no carcase stiffness so that the inflation 
pressure was equal to the contact pressure. The length of 
contact was calculated from the load and inflation pressure of 
the wheel. It was not possible to use the full range of 
pressures for each load asAhe length would beccme too long for 
the model to cope with. As the contact pressure effects the 
Young's Modulus and cut off strain, the individual value for 
each pressure bad to be found from the confined canpression 
test. The input data for the model is summarised in table 
(5.3). 
1 
5.3.5. RESUMS AND DISCUSSMK. 
The full results are given in Appendix (5.2), sLmynarised in 
table (5.4 a, g). The results show that rut depth increased with 
load and inflation pressure, however a decrease in pressure at 
law pressures had a more significant effect than a decrease at 
higher pressure for a given wheel load. This is clearly shown 
by figure (5.6), wheretsignificant reductions in rut depth can 
be achieved by further reductions of inflation pressure 
below 120 kN/m2. The maximun volme change shows the sam result 
as before, where changes in the load did not significantly 
effect the value of the rnaximum. An increase in inflation 
pressure however, significantly increased the level to which the 
soil was canpressed. It is difficult to draw conclusions from 
the depth of the maxirmn empaction, however, the depth did 
decrease as the inflation pressure increased and the length of 
contact decreased. 
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GROUND 0ONTACr PRE33LIRE 
Input variables: - 
Moisture content 
Initial soil density 
Contact patch width 
Poisson's Ratio 
1070 
1.3 g/ml 
0.250 m 
0.25 
Contact length (m). 
Contact pressure kN/mI. 
79.2 118.8 158.4 198.0 237.6 
Load (M) 
5 0.253 0.169 0.126 -- 
10 0.506 0.338 0.253 0.202 - 
15 - 0.508 0.379 0.303 0.253 
Young 's 
Modulus 485 
Cut off 
strain 5.9 
Uble 5.3 
277.2 316.8 
0,144 - 
- 0.189 
Sail properties 
Contact pressure kN/mI. 
79.2 118.8 158.4 198.0 237.6 277.2 316.8 
606 711 843 920 1039 1142 
4.5 3.8 3.5 3.2 2.9 2.5 
- 108 - 
A Rur EEPIE (imm) 
Contact pressure kN/M2. 
Load 79.2 118.8 158.4 198.0 237.6 277.2 316.8 
(M) 
5 10 16 17 ---- 
10 13 23 25 26 - 26 - 
15 - 26'* 31 33 35 - 37 
Load 
(M) 
5 
10 
15 
Load 
(M) 
5 
10 
15 
B MAXDffJM VCFJUME CHANGE 
Contact pressure kN/M2. 
79.2 118.8 158.4 198.0 237.6.277.2 316.8 
7 11 13 ---- 
7 11 14 15 - 18 - 
- 11 14 15 17 - 19 
C EEPIH CF MAXIMM MIME CHANGE (mm) 
Contact pressure kN/M2. 
79.2 118.8 158.4 198.0 237.6 277.2 316.8 
25-100 50-75 50 
50-125 50-100 75 25-75 50 
- 50-125 25-100 25-100 25-75 - 25-75 
A 
D UEPIH OF MAXIMM DISWRBIýý. 
Cbntact pressure kN/M2. 
Load 79.2 118.8 158.4 198.0 237.6 277.2 316.8 
(M) 
1 0.25 0.275 0.275 ---- 
2 0.325 0.375 0.375 0.35 - 0.6 0.6 
3- 0.45 0.45 0.45 0.45 - 0.475 
Thble 5.4 a, d 
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MAD 5 M. 
I Number of Occurrences. 
Percent 
volume Contac messur- 
kN/m 2 
'change 79.2 118.8 15Q A 
5 0 0 0 
4 -0 0, ý0, 
3 0 0 0 
2 0 0 0 
1 0 0 1 
0 300 291 290 
-1 9 7 8 
-2 7 8 7 
-3 4 7 5 
-4 8 4 7 
-5 6 3 2 
-6 4 3 3 
-7 7 3 2 
-8 0 6 3 
-9 0 6 1 
-10 0 3 3 
-11 0 4 6 
-12 0 0 3 
-13 0 -0 
4 
-14 0 0 0 
-15 0 0 0 
-16 0 0 0 
-17 0 0 0 
-18 0 0 0 
-ý-19 0 0 0 
-20 0 0 0 
IMAL 
I 
-170 I,, 1-290 -323 II 
Table 5.4 e 
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IM 10 kN 
Number of Occurrences. 
Percent 
Volume -Contact pressure kN/M2 
change 79.2 118.8 158.4 1 198.0 277.2 
5 0 0 0 0 0 
4 0 1 1 1 1 
3 0 0 0 0 0 
2 0 0 1 1 1 
1 1 1 0 0 0 
0 281 263 263 267 268 
-1 15 13 12 12 15 
-2 7 12 11 11 8 
-3 9 9 7 8 8 
-4 9 5 8 5 5 
-5 7 6 5 6 6 
-6 11 5 4 3 3 
-7 5 4 4 4 4 
-8 0 5 3 2 1 
-9 0 8 3 3 A 
-10 0 8 3 2 0 
-11 0 5 5 3 3 
-12 0 0 6 4 2 
-13 0 0 7 6 1 
-14 0 0 2 3 '2 
-15 0 0 0 4 4 
-16 0 0 0 0 4 
-17 0 0 0 0 6 
-18 0 0 0 0 0 
-19 0 0 0 0 0 
-20 0 0 0 0 0 
IWAL' 
1 
-227 
1 
-414 
1 
-485 
1 
-472 
-- 
1 
-510 
1 
Table 5.4 f 
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MAD 15 kN 
NuTber of Occurrences. 
Percent 
volume ntact. pressure kN /M2 
change 118.8 158.4 198.0 237.6 316.8 
5 0 0 0 0 0 
4 2 2 2 2 1 
3 0 1 1 1 2 
2 0 0 0 0 0 
1 JL 0ý ý0 0 
0 245 244 244 244 243 
-1 16 14 16 16 17 
-2 15 15 12 13 12 
-3 12 9 9 8 8 
A 6 10 9 7 9 
-5 7 6 7 7 5 
-6 8 4 5 5 -4 
-7 4 4 3 5 6 
-8, 7 5 4 3 3 
-9 8 4 5 3 2 
-10 10 5 3 2 3 
-11 4 5 2 5 1 
-12 0 6 5 2 4 
-13 0 8 7 2 1 
-14 0 3 6 3 2 
-15 0 0 5 8 2 
-16 0 0 0 4 3 
-17 0 0 0 5 6 
-18 0 0 0 0 5 
-19 0 0 0 0 5 
-20 0 0 0 0 0 
ITOrAL 1-480 1-581 1-617 1-670 1-718 
Uble 5.4 g 
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Figure 5.6. Variation of rut depth with load and pressure. 
An increase in inflation pressure had only a slight effect on 
the depth of disturbance, whereas an increase in the load 
significantly increased the depth to which soil damage extended. 
A doubling of the load at constant pressure increased the depth 
of disturbance-by 40%, tripling of the load increased the depth 
by 60%. The number of occurrences of zero volume change for 
variations in load ind pressure are shown below. 
Number of occurrences of zero volume change 
Contact pressure kN/M2 
118 158 198 237 
Load (M). 
10 263 263 267 268 
15 244 244 244 243 
(Fýxm 7hble 5.4 f, g) 
The above figures show that changes in the amount of soil 
compressed by an increase in the inflation pressure were small 
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in cciriparison to the effect of an increase in wheel Icnd al a 
constant contact pressure. The suarred % volu-ne changes are shown 
in figure (5.7) which when canpared with figure (5.6) show that 
the graphs follow the same path. 
OD 
a 
a 
1- 
ci 0 
0 t4 
, DI 
7 
0 
-I 
-LOAD 3 
15 kN 
( 
DAD 2 
lOkN 
79 lie 158 IDS 237 277 316 
pREScURr kN/M2 
Figure 5.7. itivity of soil compaction to load and pressure. 
This indicates that rut-volume is a good way of quickly 
monitoring in the field the amount of soil compaction causud by 
a wheel. 7he results show that load affects the amount of soil 
compacted and inflation pressure affects the level to which 
the disturbed soil was compressed. Figure (5.7) shows the same 
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result as figure (5.6) where reductions of inflation pressure 
below 120 kN/M2 will significantly reduce the amunt of soil 
cappaction. 
5.3.6. SDIL TENSITT., 
An investigation was carried out into the effect of different 
initial soil densities on the cmpaction of the soil for three 
levels of contact pressure. Changes in the soil's initial 
density changed the strength of the soil and hence the Young's 
Modulus and cut off strain. The length of contact of the tyre 
was calculated from the pressure and the load for a given width 
of contact. A range of densities and pressures were chosen to 
cover as wide a range of field situations as possible. The input 
data for the model is shown in table (5.5). 
5.3.7.1UNUMS AND DISCUSSICN. 
The results, given in tables (5.6 a, g) show that P. 9 t he 
initial density and hence the strength of the soil increased the 
rut depth was reduced for a constant contact pressure. 7bis 
reduction continued until a point was reached where the soil was 
capable of supporting the contact pressure without any 
deformation. As the soil density increased the value of the 
maxijmxn volume change decreased, as the soil had to deform less 
to increase its strength/density enough to support the contact 
pressure. It is possible to calculate the maximLzn final density 
of the soil from the volume changes, this was done at a 
constant contact pressure of 280 kN/m2. 
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SDIL INMAL DENSHY 
Input variables: - 
Contact load 9 M. 
Contact patch width 0.250 m 
Poisson's Ratio 0.25 
Oontact pressure M/O 
70 140 280 
Contact 
Length. (m) 0.514 0.257 "0.128 
Soil properties 
@ 1076 moisture content. 
Initial soil den sity g/ml 
1.2 1.3 1.4 1.5 1.6 
Pressure (kN/M2) 
Young's modulus (kN/M2 361 447 475 -- 
70 
Cut off strain 3.0 5.8 12.0 -- 
Young's Modulus (kN/M2 567 711 965 1109 - 
140 
Cut off strain 1.8 3.8 7.0 10.5 - 
Young's Modulus (kN/M2) 898 1142 1468 1941 2488 
280 
Cut off strain 1.2 2.5 5.6 8.1 11.2 
Uble 5.5 
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F= DEPIE (MM) 
Initial soil density g/ml 
1.2 1.3 1.4 1.5 1.6 
Pressure. (kN/M2) 
70 40 17 0-- 
140 47 26 70- 
280 47 29 12 30 
B MAKDRU VOULINE CHMIE (%) 
Initial soil density g/ml 
-1.2 1.3 1.4 1.5 1.6' 
Pressure. (kN/M2) * 
70 14 8-- 
140 20 14 6- 
280 27 19 11 4 
C EEPIE OF MAXIKIM VCUJWE CIUW-, E (mm) 
Initial soil density g/ml 
1.2 1.3 1.4 1.5 1.6 
Pressure. (kN/M2) 
70 0-125 50-125 --- 
140 25-75 75 25-50 - 
280 50 25 50 25 
D 1113M OF DISIMMICE. (m) 
Initial soil density g/ml 
1.2 1.3 1.4 1.5 1.6 
Pressure. (kN/M2) 
70 0.65 0.35 --- 
140 0.6 0.375 0.2 - 
280 0.575 0.375 0.2 0.125 
7hble 5.6 a, d 
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Contact pressure W/uil 
70-- 140 
Number of Occurrences. 
Percent 
volume Initial soil density g/mi - cbange 1.2 1.3 t 1.4 1.2 1.3 1.4 1.5 
5 0 0 0 0 0 0, 
4 2 0 0 2 1 0 0 
3 3 1 0 2 0 0 0 
2 0 0 0 2 1 0 0 
1 3 0 0 3 0 0 0 
0 204 273 345 197 263 308 345 
-1 33 15 0 34 13 8 0 
-2 18 9 0 21 10 5 0 
-3 15 9 0 11 8 9 0 
-4 12 7 .0 9 7 4 0 
-5 8 6 0 5 5 5 0 
-6 8 9 0 8 4 6 0 
-7 5 10 0 8 4 0 0 
-8 6 6 , 
0 4 3 0 0 
-9 7 0 0 4 4 0 0 
-10 6 0 0 4 2 0 0 
-11 5 0 0 4 6 0 0 
-12 4 0 0 2 5 0 0 
-13 5 0 0 3 8 0 0 
-14 13 0 0 2 1 0 0 
-15 0 0 0 3 0 0 0 
-16 0 0 0 3 0 0 0 
-17 0 0 0 2 0 0 0 
-18 0 0 0 5 0 0 0 
-19 0 0 0 5 0 0 0 
-20 0 0 0 8 0 0 0 
ý 
-786 
1 
-287 01 -968 
1 
-480 
i 
-122 0 
Table 5.6 ej 
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Omtact pressure M10 
280 
Number of Occurrences. 
Percent 
volume Init al soil densitv sz/ml 
ebange 1.2 1.3 1.4 1.5 
5 0 0 0 0 
4 0 1 0 0 
3 4 1 0 0 
2 2 0 0 0 
1 4 1 0 0 
0 192 259 304 324 
-1 37 17 7 5 
-2 24 8 5 7 
-3 14 8 2 5 
-4 8 13 5 4 
-5 5 4 2 0 
-6 6 4 3 0 
-7 6 3 3 0 
-8 4 4 7 0 
-9- 5 1 2 0 
-10 3 3 1 0 
-11 4 1 4 0 
-12 1 1 0 0 
-13 3 4 0 0 
-14 0 0 0 0 
-15 2 2 0 0 
-16 1 5 0 0 
-17 0 3 0 0 
-18 1 4 0 0 
-19 4 3 0 0 
-20 0 0 0 0 
-21 1 0 0 0 
-22 1 0 0 0 
-23 2 0 0 0 
-24 5 0 0 0 
-25 2 0 0 0 
-26 3 0 0 0 
-27 3 0 0 0 
1 1 7WAL 1 -9903 -582 220 50 
Table 5.6 
- 119- 
Maximmn 
vol um change 
Initial . density g/ml 
1.2 27 
1.3 19 
1.4 11 
1.5 4 
Maximm f inal soil 
density g/ml 
1.524 
1.547 
1.554 
1.56 
The results show that the final maximun density, no iml I er w1w. 
the initial soil density was were all close to the same 
value. The model therefore shows that the density of the soil 
increased to a density, independant of the initial density, 
where it could support the applied pressure. Mable (5.6 d) shows 
that small increases in the initial density of 'the soil 
significantly reduced the depth to which soil was (xxiipaci. ed, an 
increase in density fran 1.2 to 1.3 g/ml reduced the depth to 
which the campaction extended by 60%. 7he summed volutao- changes, 
figure (5.8) shows that for small changes in the soil strength 
large reductions in the amounts of soil compaction can be 
achieved. In this case the soil strength before canjuction wLL,; 
governed by the soil Is initial density. In the field the 
strength of the soil will be governed by other factors in 
addition to the density such as moisture content.. 
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Figure 5.8. itivity of ccmpaction to soil strength. 
5.4. OVERAIL DISCUSSICK. 
The results of the investigations using the model have shoun 
that real reductions in the ccimpaction of soil can be achieved 
by operating with the correct shape of, tyre-soil contact at a 
low inflation pressure and load. 
lThe 
actual amount of soil 
compacted can be reduced by using tyres that have a 
contact length 2.5 times longer than the width at an inflation 
pressure below 120 kN/0. In order to confirm tik-- findings of 
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12 1-3 14 1Z 
Initial soil density g/ml. 
the model they were compared with the published results of other 
experimenters. 
Soane et al. (1980) in their comprehensive review of compaction 
states that it is, a commonly held belief that the depth of 
maxim= compaction occurs at a depth equal to half the width of 
the tyre. Fekete (19ý2-) also states that an increase in the 
width of a tyre will increase the depth of maximuil cuninction. 
The model agrees with these results as long as the contact 
width is less than the contact length, should this not be so the 
depth would vary with the contact length. Fekete also concluded 
that a reduction in ccrnpaction could only be obtained from an 
increase in the width of the tyre if the increase was associated 
with a reduction in the contact pressure. This observalion is 
also confirmed by the findings of this study, where simply 
increasing the width increases the amount of soil canpaction and 
reductions in the contact pressure reduce the level and wrx)unt 
of ccmpaction. Dickson et al. (1979) testing single aril duAl 
wheels at a constant inflation pressure and load showed that. rui 
depth reduced slightly with dual wheels. If however the rui 
volumiee is taken. as a measure of the amount of soil canpaction 
the ccmpaction increased by 40% by doubling the width. The model 
also shows approximately a 40% increase in the sunrred volutx-- 
change by doubling the contact width. Mogilevets and Khallyyev 
(1977) found that the vertical stress in a soil at a depth of 
400 ran, increased as the tyre width increased for the same load 
and pressure. This is also shown by the xWel, as the width of 
contact increases from 0.175 to-0.325 m the volinno of soil that 
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is compressed Io a high 
leve I is and d111.1', .1 
inio ihe soil, figure (5.9). 
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Figure 5.9 The effect of tyre width on -, x)il mn4iuction. 
By taking a point at a depth of 112ými bclow i h- (wirm;, ] I 
surface (arrowed), it is clew- ilLo tht, (d c(ripaci i0ri 
rises frcm a 12'/(, volum(- decrease to a 15ý;,, s: UIk, 
depth as the width of contact dOUbles. As 
volume ctkinge and stress are related, Ilk' 
alsu be gruaier. 
There have only been a limiied nmil)(, i, ()I ih, 
degree of compaction has been rulaied 1() 1he jIIfI; tII()II 
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of the tyre. Christov (1969) measured the stress distribution at 
300 mm below tyres inflated at 78,118,158 kN/M2 , and found the 
stress increased with inflation pressure. 'rho nxxlcl prcxliels 
that increases in the inflation pressure increase the degree 
of soil compaction which is related to the applied stress. 
Eriksson et al. (1974) recognised the significance of inflation 
pressure on soil compaction and reccxnwnd6d a miLximLan value of 
inflation pressure of 100 kN/M2 , also stating that pressures 
below 50 kN/M2 were preferable. This value agrees well with 
figure (5.8) where below 120kN /M2 the soil is most 
sensitive to reductions in inflation pressure. The curve is 
steepest over this range hence large reductions in conpaction 
can be achieved for small drops in inflation pressure. Me IA-x)d 
et al. (1966) found that at a load of -10.8 M, a reduction in 
inflation pressure from 41 to 27 kN/M2 reduced the volume of ilic 
rut formed by 42%. Although this low level of pros, -ure is noi 
covered by this study, by reducing pressure by the sairio, dogroo 
from 118 to 79 kN/M2 at a load of 10M, the rut. volume is 
reduced by 43%. Sobne (1958) studied the effects of loads and 
the distribution of the loads on the resulting prossures in the 
soil profile and concluded, "the pressure in the upper layer is 
determined. by the specific pressure al. the stit-Face, ... I 1K. 
pressure in deeper soil layers is determined by the arouni. of 
load. " The same conclusion was also reached by Taylor (1982) who 
states that canpaction in the upper layers is detennined by ille, 
contact pressure, while compaction in the deeper layers is 
determined by the amount of load, Uunfors (1974) al-so found that 
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I 
increases in the wheel load tended to have a rrr)rc significant 
effect on the subsoil, these effects are also shown by the 
model as is 'confirmed in figure (5.9). Ilenshall and Dickson 
(1980)-have shown that by increasing the load on a tyre from 10 
to 15 M at". a constant pressure the rut depth does not. 
significantly increase. By -using similar values in the model, 
table (5.2 a) at 118kN/M2 for the same increase in load the rut. 
depth only increases from 23 to 26 mm. Another important. 
phencmena found by Taylor (1982) was the effect of contact shape 
on the canpaction, he noted that a long narrow footprint was 
most desirable for good traction and reduced soil ccmpiction. 
The*model also'showed that a long thin contact paich would 
reduce soil canpaction. 
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6. OVERALL DISCLISSIGN AND OONCLUSIONS. 
The experimental and model work were confined to a sandy loam 
soil and hence further experimental work is required to check 
whether the type of soil failure found for a sandy loam soil is 
present in other soil types. The experimental technique of 
burying beads in a regular pattern to monilor Iho Irajcr. iory of 
the soil, although very time-consuming, provided valuable data 
on the mode and extent of soil failure. The technique of 
burying beads does not lend itself to field tests but a more 
representative result could be obtained if a non uniform soil 
density profile was used in a soil bin. The results shov&, d ihat 
the type of soil failure was a punch failure, figure (6.1, a) and 
not a general shear failure, figure (6.1, b). 
Figure 6.1. Failure modes. 
A punch failure is characterised by a failure pattern that is 
not easily observed as no obvious shear planes occur. As iho 
load increases the vertical movement of the contact area is 
acccn. panied by ccmpression of the soil below ihe luid. Continued 
penetration of the load is made possible by shearing arumd the 
perirneter of the contact area. 7be soil oulside ihe contact 
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area remains relativley uninvolved in the compression so there 
is little movement of soil outside the area of conlacl. Wiih 
this type of failure the vertical deflections are the most 
significant in causing soil compaction. Large soil deflections 
were also monitored in the direction of travel, ihese 
deflections increased as the soil strong1h docroased and 
decreased as the vertical deformations decreaý-ýxl. Al high I(xids 
and contact pressures sane surface heave was produced at the 
edge of the wheel, this indicated that the mode of soil failure 
at the surface was changing to a shear failure. To gel. full 
shear failure of the soil a strong and relatively incompressible 
soil -would have to be used with high contact loads and 
pressures. 
The experimental work was conducted at two scales approx 1: 4 
and 1: 1, the type of soil failure observed in txAh cases %V. L-; the 
same. The experimental results show that soil ccinpaction is a 
process that takes place under the wheel as il rolls over i. he 
soil surface, with as much as 8C% of the vertical defortrution 
occurring in front of the 'centre line of the axle. The 
results also showed that an increase in pressure increased the 
deflections, an increase in soil density reduced the deflections 
and an increase in the load increased the deflections. As was 
expected, it was found that the maximum volume change in the 
soil occurred at a 'depth in the soil and not at. the tyrelsoil 
interface. 
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It is possible to use Elastic Theory to predict plast-ic suil 
deformations because during loading the soil behaves as an 
elastic matierial, it is not until the load is removed that flic 
soil become plastic ie no recovery. The mathanatical 11KXJCl 
of the ccmpression process assumes, for simplicity, a linear 
stress-strain characteristic for the soil. The value of IN-- 
Modulus of Elasticity being calculated from the slope of a line 
drawn on the measured stress-strain curve. The two end poinis of 
the line are the contact pressure applied to the soil surface 
and the initial soil density, these two points were, chosen as 
they represent the full range of possible conditions present in 
the soil. This approximation underpredicts the soil strength at 
the surface and overpredicts the strength at depth, which in 
turn makes the model overpredict the surface st. rains and 
underpredict the strains at depth. The model could W rewritten 
to use an iterative process so as to model the true nonlinear 
stress-strain characteristics of the soil. The effect of this 
would significantly increase the accuracy of prediel. ion bul. al. 
the cost of speed of computation. In conjunction with the 
nonlinear Modulus, a non-hanogeneous soil could be modelled by 
the introduction of scme further constraints on the model. Once 
a way can be found to have two cut off strains, one for 
tension the other for compression, deformations in the 
horizontal and lateral directions can be considered and there 
should then be no problen in modelling the defleclions due io 
the rolling resistance and draught load of the wheel. The 
accuracy of the model can be further improved by having a more 
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complex surface load distribution. If a theory can be 
developed to accurately model the change in contact length and 
width with changes in soil strength and inflation presýsure IN, 
model could be used to predict the c(znpaction of soils in the 
field. 
In its present simple form the model can predict, with 
resonable accuracy, the vertical soil deformtion below a who(-, ]. 
More significantly the model allowed the prediction of the 
trends in the magnitude of the vertical deflection due to 
different tyre configurations for a range of soil conditions. 
This allowed the sensitivity of soil to canpaction due to 
various tyres, over a range of soil conditions, to be estim-tted. 
Using the model in this way showed that the sensitivfty was not. 
linearly related to the input conditions and significant 
reductions in the level and an-ount of soil ccmpaction could be 
achieved with the appropriate tyre configurations. 
The confined canpression test used to monitor the stress-strain 
characteristics of the soil proved to be a quick and simple way 
of assessing the canpressibility of the soil over a range of 
conditions. The compressibility of a soil relates directly to 
its canpactability. Confined compression tests on a wide range 
of soils were conducted by Larson et al. (1980), they found that. 
type and quantity of the clay present affected the ccinpression 
index. Extensive confined canpression tests were also condticled 
by Eriksson (1982) using various types of loading such as 
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static, dynamic and a pulsing load. But care must be taken when 
using a confined compression test as it is not a universal test. 
for all soil conditions. In the case of a dry sand a conf ined 
compression test would indicate that the soil was relatAvly 
incompressible and capable of supporting a high load. In reality 
however, the 'mode of 'soil failure would have changed from a 
compression failure to a bearing capacity failure, the support. 
capability of which is not measured by a confined cunpression 
test. 7he saw change of failure would also occur-when using an 
incompressible clay soil. It should however be possible to put. 
an upper limit on the campressiblity of a soil, this upper limit, 
being the change point in the mode of failure. The upper limit 
could be -expressed as a maximum Young's Modulus or, as is 
already used in foundation engineering-, a rigidity index, 1, 
defined as : 
G 
c+ ortan 
Either of these values would be able to indicate the approximate 
point where the mode of failure changpd. 
The f uture development of the mathematical prediction of* soi I 
compaction using the methods described here could follow several 
paths: 
i) Putting the emphasis on the close modelling of the 
input conditions as discussed previously. This approach would 
significantly increase the complexity of the model but. would 
increase the accuracy of the solution. 
ii) Putting the empbasis more on the side of getting a 
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close apprcxiffation for a wide range of soil conditions for use 
in the field in conjunction with a simple confined eunpression 
test. In this case a general solution, without using a P/E 
value in the model, could be produced for a number of wlicel 
conf igur-at ions. The general solution could be produced in the 
same form as Newark's Influence Charts, Newark (1912). 'Ib 
produce an actual solution the pressure of the tyre (P) and soil 
strength (E), measured from a confined compression test, would 
have to be found. The solution found would relate input 
configuration and soil strength to compaction. Allhou0i Ilie 
solution is more general than case (i) there would be no need 
for any complex computations, and the process should be simple 
enough to be carried out in the field. 
iii) Putting the emphasis fully onto a-confined 
compression test. The effect on the solution of the model of 
changes in the tyre inputs is Eira II in comixtri. -un to 1he 
Young's Modulus. As long as the compaction is caused by a punch 
failure the confined compression test will give a represenlatAve 
value of soil strength and compactability over the range 
between contact pressure and initial soil density. By using the 
results of Larson et al. (1980) for a range of field soils, 
their compressibility and Young's Modulus could be found and 
hence there susceptability to compaction. If a relationship was 
developed that related Young's Modulus and contact area to 
compaction, soils could then be classified as 1.0 I. heir 
compactability at different moisture contents. In such a 
relationship the effect of pressure would be accounted for in 
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the Modulus, load would be accounted for by the area and the 
effect of the shape of the area could be accounted for by a 
conversion factor. This approach would provide the most general 
solution but it would give a quick and easy means of soil 
classification with respect to compactability and a measure of 
the amount of compaction caused by different tyre configurations 
all from a single soil test. 
Comparison of the results obtained from the model and published 
experimental work showed good correlation. Using the rrx)del to 
predict the sensitivity of soil to eunpaetion showed t. liat a 
long thin contact area would give a minimum amount of 
compaction. If the contact pressure and load were kept at a low 
level the compaction level would be low. The 11KX10l S11OWUd Ilial. 
the effect of an increase in the load was to inereasý,, the 
amount of soil compacted, ie the area of soil canpressed aml 
the depth to which the compaction extended for a constant 
contact area. The effect of an increase in the contact pressure 
was to increase the compaction level, ie the final soil density 
would be higher and increase the depth to which the soil was 
compacted. The model agreed with the published work that. 
compaction is more sensitive to increases in load than inflation 
pressure. The results also showed that the depth of maximum 
compaction was related to half the shorter of either the contact 
length or width. The surface rut volune can be used as a quick 
"in field" means of determining the amount of soil danxige causW 
by a certain tyre configuration. This is because the surface rui 
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volume is the sun of all the deformations. The model also showed 
that significant reductions in the amount of soil ccmpaction 
could be achieved by a small increase in the soil streng1h. 
The following- conclusions can be drawn from the work but aro 
limited to a light sandy loam soil. 
i) Most of the soil deformation occurs directly under 
the wheel, with small deflections in the lateral 
direction. The soil deformations in the horizontal 
direction were large and always in the direction of' 
travel. The size of the deformations was related to soil 
strength and rut depth. The vertical deformations were 
the most significant in causing compaction and extended 
to the greatest depth in the soil. The combination of 
these experimental observations lead to t. hc conclusion 
that the mode of soil failure below the wheel was a ptinch 
fai I ure. 
ii) Soil ccmpaction is a process which occurs mOnly 
(80%) in front of the centre line of Ihe axle. 
iii) Elasticity Theory can be used to prediel 1he 
defoxmation of soil below wheels once modifications have 
been made to account for the initial soil strength. 
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iv) A confined canpression test can be used to obtain i he 
stress-strain characteristics, Young's Modulus and 
Poisson's ratio, E and it required for an Elastic model. 
v) For a constant load and contact pressure an aspect 
ratio of 2.5"(length/width) will produce a minimuin amunt. 
of soil canpaction. 
vi) r1be depth of the maximum compaction below the 
centre of the wheel is related to half the Shorter of the 
contact dimensions. 
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APPENDIX 2.1 
Besults of small scale work. 
7hble Inflation Initial soil Tyre 
nuTber pressure density widl 11 
kN/M2 g1ml M11 
1 345 1.2 100 
2 345 1.3 100 
3 207 1.2 100 
4 207 1.3 100 
5 207 1.2 50 
&lbscripts. 
A Vertical deflection mm. 
B Horizontal deflection mm. 
C Horizontal deflection wn. 
D Volume change %. 
UWM 0 mm - Distance from centre line of axle (nin). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 
frcm 100 
centre 75 
line of 50 
tyre 25 
0 (mm) 
Direction of travel. 
The dotted line shows the path of the tyre and the shaded area 
shows the position of the tyre when stopped. 
- 1-12 - 
DEPM 0 mm Distance from centre line of ax1o (nin). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 000 0 0 
frcm 100 -1 -1 0 0 0 000 0 0 
centre 75 -2 -2 0 0 0 000 0 0 
line of 
tyre 
50 
25 
3-- 
10 
-3-- 
10 
3- 
10 
- 3-- 3 
10 10 
--3 2 01 
98 
ý6, 
N N 
0 
2 
0 
0 
(rrm) - 0 11 11 11 11 
11 
, 
9 BN 5: 3 0 
DEPIH 25 mm Distance from centre line of axle (ran). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
from 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 3 3 3 3 3 3 2 1 0 0 
tyre 25 8 8 8 8 8 7 6 4 2 0 
(M) - 0 10 10 10 10 
9 9 7 5 3 0 
EEPTH 50 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75. 
Distance 125 0 0 0 0 0 0 0 0 0 0 
from 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 2 2 2 2 2 2 2 1 0 0 
tyre 25 6 6 6 6 6 5 el 13 1 
(mm). 0 7 7 7 7 7 6 5 3 1 0 
UWM 75 m Distance fran centre line of axle (mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
f ran 100 0 0 0 0 0 0 0 0 0 
centre . 
75 0 0 0 0 0 0 0 0 0 0 
line of 50 1 1 1 1 1 1 1 1 0 0 
tyre 25 3 3 3 3 3 3 2 1 1 0 
(mm) - 0 4 4 4 
4 4 4 3 2 1 0 
DEPIR 100 ma Distance from cent. re line of axle (irm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
from 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 1 1 1 1 1 1 0 0 0 0 
tyre 25 1 1 1 1 1 1 1 0 0 0 
(mm) -- 0 2 2 2 
2 2 1 1 0 0 0 
EEP1H 125 mm Distance from cent re I ine of axle (tan). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
fran 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 
tyre 25 0- 0 0 0 0 0 0 0 0 
(mm) 6 0 0 0 0 0 0 0 0 0 0 0 
Uble 1. A. Vertical defs., @345 kN/m2, (A. 2g/ml. 
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DEPIE 0 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 1 1 0 0 0 0 0 0 0 0 
line of 50 10- -10- -10--10- - 9- - 5Ný 3 1, 0 0 
tyre 25 12 -12 11 12 12 , 10 
ý 
7 1 0 
(MM). 
- -0 
14 12 12 12 11 12s, N 7\ 4: 2 1 
EEPTH 25 usn Distance from centre line of ax le (mm). 
1 150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
f rcm 100 0 0 0 -0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 2 2 2 2 2 1 1 0 0 0 
tyre 25 3 3 3 3 3 2 2 2 1 
(mm). 0 3 3 3 3 3 3 3 2 1 0 
UWM 50 mm Distance from centre line of ax le (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
from 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 1 1 1 1 1 1 0 0 0 0 
tyre 25 2 2 2 2 2 2 2 2 1 0 
(mm) - 0 
2 2 2 2 2 2 2 2 1 0 
EEPIR 75 mm Distance from centre line of ax le (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of. 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 0 0 0 0 0 0 0 0 0 0 
(mm) - 0 0 0 0 0 0 0 
0 0 0 
7hble 1. B. Hari mntal defs., @345 kN/m, @1.29/ml. 
DEPM 0 mm Distance from centre line of axle ( m). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 u 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 -3 -1 0 0 0 0 0 0 0 0 
line of 
t 
50 
25 
-5- - -4 - 
-1 -1 
--2 - 
0 
-2 - 
0 
-2- 
0 
-2 - 0---,,, 0, 
1) 1 
0 
0 
0 
0 yre 
(mm) -- 0 0 0 0 0 0 
0 O\ of 0 0 
DEPIU 25 mm Distance from centre line of axle ( mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcin 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 '0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 0 0 0 0 0 0 0 0 0 0 
(n, m). 0 0 0 0 0 0 0 0 0 0 0 
Thble I. C. Lateral defs., @345 Wle , @1.29/ml. 
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EEPTH 12 m 
Distance of cube centre frotn centre l ine of axle (nin). 
137 112 87 62 37 12 12 37 62 
Distance 112 2 +1 0 0 0 0 0 0 0 
frcm 87 1 
r 
+2 0 0 0 0 0 0 0 
centre 62 2 3 4 5 9 4 2 0 0 
line of 37 +13 0 - +1 - 1- ýý7 "ý'9 , ý, 6 2 
tyre (mm) 12 14 6 5 8 8 1, ýL3 2\ i 19 4 
DEPTH 37 mm 
'Distance of cube centre frcxn centre l ine o f axle (inn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
frorn 87 0 0 0 0 0 0 0 0 0 
centre 62 2 2 2 2 3 2 1 6 0 
line of 37 6 6 6 6 8 6 4 4 3 
tyre (mm) 
I 
12 10 10 10 9 10 9 8 10 7 
DEM 62 mm 
Distance of cube centre from cen tre line of axle (nin). 
137 112' 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
frcm 87 0 0 0 0 0 0 0 0 0 
centre 62 2 2 2 2 2 3 1 0 0 
line of 37 8 7 7 8 7 7 5 3 1 
tyre (m) 12 12 11 11 12 10 8 7 5 2 
DEPTH 87 mm 
Distance of c ube centre from centre lind of axle (mn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
frcrn 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 1 2 0 0 
line of 37 4 5 5 4 4 4 4 1 1 
tyre (m) 12 8 9 9 8 9 8 6 3 2 
DWTH 1-12 mm 
Distance of cube centre from centre li ne of axle (tim). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
frcm 87 0 0 0 0 0 0 0 0 0 
centre 62 2 2 2 2 2 1 0 0 0 
line of 37 4 4 4 4 4 3 1 0 0 
tyre (mm) 12 6 6 6 6 5 4 2 0 0 
DEPTH 1,37 mm 
Distance of cube centre frorn cent re line of axle (nin). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 0. 0 0 0 0 0 0 0 0 
tyre (m) 12 0 0 0 0 0 0 0 0 0 
Mable 1. D. % Volume change, W54 Mle ,@1.2 g/nd. 
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01mm Distance from centre line of axle (m). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0- 0 0 000 0 0 
frcm 100 0 0 0 0 0 000 0 0 
centreý 75 0 0 0 0 0 000 0 0 
line of 
tyre 
50 
25 
1- - 
5 
1- - 
5 
1- 
5 
- 1- - 
5 
1- 
5 
1 
4 3, 
ýN 0 
1 
0 
0 
(mm) 0 7- 7 7 -7 7 6 . 5p 3 0 
BEPIH 25 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
f r-Cm ,- 100 0 0 0 0ý 0 0 0 0 ý0 0 
centre 75 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 3 3 3 3 3 3 2 2 1 0 
(M) 0 5 5 5 5 5 5 4 4 2 0 
EEPM 50 m Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre, -. 75 0 0 01 0 0 0 0 0 0 0 
I ine of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 2 -2 2 2 2 2 1 1 0 0 
(mm) - 0 3 3 3 3 3 2 1 0 0 
EEPIR 75 mm Distance frorn centre line of axle (mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
fran 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0- Oý 0 0 -0 
0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre - 25 1 1 11 1 1 0 0 0 0 0 
(MM). 0 1 1 1 1 1 1 0 0 0 0 
DWM 100 mm Distance from centre line of axle (m). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 000000 0 0 0 0 
from 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 _0 0 0 0 
tYre 25 0 0 0 0 0 0 0 0 0 0 
(MM). -, -, - " 0'. 0 0 01 0 0 
0. ý0 0 0 0 
EEPIH 125 ma Distance from centre I ine of ax le (nm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
, frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tYre 25 0 0 0 0 0 0 0 0 0 0 
(mm) - 0, 0- .0 0 -1 0 0 0ý 0 0 0 0 
TWAe 2. A. Vertical defs., @345 kN/m2, W. 3g/ml. 
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IDEPIH 0 mn Distance from centre line of axle (nyn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 -6 -0 0 0 0 000 0 0 
fran 100 0 0 0 0 0 000 0 0 
centre 75 0 0 0 0 0 000 0 0 
line of 50 0- -0- -0- -0--0- - q- '0 0 0 0 tyre 25 3 3 3 3 2 p"" 1 11 0 0 
(mm) 0 3 3 3 2 2 , 2N 0 0 
25 mm Distance from centre line of axle (inn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 000 0 0 
fran 100 0 0 0 0 0 000 0 0 
-centre 
75 0 0 0 0 0 000 0 0 
line of 50 0 0 0 0 0 000 0 0 
tyre 25 0 0 0 0 0 000 0 0 
(am). 0 1 1 1 1 1 000 0 0 
50 mm Distance frcrn centre line of axle (nm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
from 100 0 0 0 0 0 0 .0 
0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre, 25 0 0 0 0 0 0 0 0 0 0 
(mm) - 0 0 0 0 0 0 0 0 0 0 0 
7hble 2. B. Horizmtal defs., @345 kN/m2, @1.3gr/ml 
13wm 0 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 000 0 0 
from 100 0 0 0 0 0 000 0 0 
centre 75 0 0 0 0 0 000 0 0 
I ine of 50 0- -0- -0- -0- -0- -0-,, ZO-. 7 00 0 0 
tyre 25 -1 -1 -1 -1 -1 , -1 1*1 -01 
ý 
<1 0 
ýS 0 0 
(M) 0 0 0 0 0 0 o 1 
ý. 
6 () 0 0 
EEPM 25 mm Distance from centre line of axle (ran). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 000 0 0 
from 100 0 0 0 0 0 000 0 0 
centre 75 0 0 0 0 0 000 0 0 
line of 50 0 0 0 0 0 000 0 0 
tyre 25 0 0 0 0 0 000 0 0 
(mm) - 0 0 0 0 0 0 000 0 0 
Table 2. C. lateral defs., @345 M/rO, 4A. 3g/ml. 
- 147 - 
DEPM 12 mm 
Distance of cube centre from cen tre line of axle (irm). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
f rorn 87 0 0 0 0 0 0 0 0 0 
centre 62 2 2 2 2 2 . 
2 1 0 0 
line of 37 8- , -8 _ _ 8 _ 9 - 7 _ _ _ - -. 2 0 
tyre (m) 12 6 6 7 7 6 5 1 
DEPIH 37 mm 
Distance of c ube centre frorn centre line of axl(-- (mn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 01 0 0 
centre ý62 0 0 0 0 0 0 0 0 0 
line of 37 2 2 2 2 2 3 3 2 1 
tyre (mm) 12 6 6 6 6 6 6 5 2 2 
UWM 62 mm 
Distance of cube centre from centre line of axle (nrn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
frorn 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 2 2 2 2 1 0 0 0 0 
tyre (mm) 12 4 4 4 4 3 1 0 0 0 
UEPDI 87 mm 
Distance of cube centre from centre l ine of axle (mii). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
fran 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 0 0 0 0 0 0 0 0 0 
tyre (mm) 12 
.0 
0 0 0 0 0 0 0 0 
IbWe 2. D. % Voli change, @354 Mle, 0 1.3 g/ml. 
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DEPTH 0 mn , Distance f rom centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 -1 -1 0 0 0 0 0 0 0 0 
line of 50 2- - 2- - 2- - 2- - 2- -2 Q ý -- 1--\O 0 0 
tyre 25 6 6 6 6 6 6 5 4 1 0 
(mm) 0 7 7 7 7 7 IN 7 , 42 0 
UWM 25 mm Distance from centre line of ax le (ran). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 2 2 2 2 2 2 1 1 0 0 
tyre 25 6 6 6 6 6 5 5 3 1 0 
0 7 7 7 7 6 6 6 4 2 0 
UEPM 50 mm Distance from centre line of axle ( nin). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcrn 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 1 1 1 1 1 1 1 0 0 0 
tyre 25 5 5 5 5 5 4 3 2 1 0 
(mm) - 0 6 6 6 6 6 
6 11 2 1 0 
DWM 75 mm Distance frun centre line of axle ( run). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 2 2 2 2 2 2 1 1 0 0 
(mm) - 0 2 2 2 2 2 2 2 1 0 0 
IDEPIH 100 mm Distance from centre line of axle (rrm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
Centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 1 1 1 1 1 1 1 0 0 0 
(m). 0 1 1 1 1 1 1 1 0 0 0 
DWM 1m mm Distance fran Centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
from 100 0 0 0 0 0 0 0 0 0 0 
Centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 
tyre . 25 0. 0 0 0 0 0 0 0 0 0 
(MM). 0 0 0 0 0 0 0 0 0 0 0 
Uble 3. A. Vertical defs.,, 
-@2(Y7 
kN/m2, @1.2g/ml. 
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DEPIE 0m- Distance from centre line of axle (rrrn). 
'150 125 100 75 50 25 0 25 50 75 
Distance 125 00000000 0 0 
frorn 100 0 0 0 0- 0 000 0 0 
centre 75 1 1 0 0 0 000 0 0 
line of 
tyre 
50 
25 
8- 
10 
-8- 
10 
- 8-- 
10 
8 -- 6 -r,, 3 - -\1 - -, %1 '(0 
10 10 6 3N2 1 ' 
0 
0 
0 10. 10 10 10 10 Ný6 2 1 
UEPIN 25 mm Distance from centr line of axle (mm). 
150 125 100 75, 50 25 -0 25 50 75 
Distance 125 0 0 0 0 0 000 0 0 
frorn 100 0 0 0 0 0 000 0 0 
centre 75 0 0 0 0 0 000 0 0 
line of 50 1 1 1 1 1 000 0 0 
tyre 25 2 2 2 2 2 211 0 0 
(mm) -" 0 2 2 2 2 2 
221 0 0 
75 mm Distance from centre line of axle (m). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 00 0 0 0 
frcm 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 1 1 1 1 1 11 0 0 0 
(mm) - 0 1 1 1 1 1 111 0 0 0 
EEPM 100 MR Distance from centre line of ax le (nin ). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 00 0 0 0 
ý fran 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 0 0 0 0 0 00 0 0 0 
(M). 0 0 0 0 0 0 00 0 0 0 
7hble 3. B. Horizontal defs., @207 kN/mI, @1.2g/ad. 
UEPM 0 mm Distance from centre line of ax le (mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 10000000 0 0 0 
f rom 100 '0 0 0 0 0 00 0 0 0 
centre 75 -1 -1 0 0 0 00 0 0 0 
line of 
tyre 
50 
25 
-3- 
-1 
-3 - 
-1 
-2 - 
0 
-1- 
0 
-1 0- -0 
0 '*ý"j 'N 0 ý,, O 
0 
0 
0 
0 
0 0 0 0 0 0 
X OX 0 0 0 (mn) - 
DEPIR 25 mm Distance from centre line of axle (m ). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0000000 0 0 0 
frcm 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 0 0 0 0 0 00 0 0 0 
(mm) - 0 0 0 0 0 0 00 0 0 0 
'Thble 3. C. lateral defs. . @2(Y7 kN/m2, @1.2g/ml. 
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DEPIH 12 m 
Distance of cube centre from cen tre line of axle (nin). 
137' 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 00 0 
fran 87 +1 0 0 0 0 0 00 0 
centre 62 2 3 0 4 5 2 +1 0 0 
line of 37 ;4 \8 7 7\71'z\\ 1 
tyre (mm) 12 +1 0 +2 1 . Ill 8\%3\\ý\ 2 
37 m 
Distance of cube centre from centre line of axle (mm). 
137 112, 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 00 0 
frcin 87 0 0 0 0 0 0 00 0 
centre 62 2 2 2 2 0 1 11 0 
line of 37 4 4 4 4 3 5 53 0 
tyre (mm ) 12 4 4 4 3 5 6 10 6 1 
13WM 62 mm 
Distance of c ube centru fr(. vyi cellL re I ilw (d uxle (11111). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 00 0 
f rom 87 0 0 0 0 0 '0 
00 0 
centre 62 2 2 2 2 2 2 10 0 
line of 37 8 8 8 8 7 6 52 1 
tyre (m) 12 14 14 14 14 13 10 84 2 
UEPIH 87 mn 
Distance of cube centre from cent re line of axle (wn). 
137 112 87 62 37 12 12 97 62 
Distance 112 0 0 0 0 0 0 00 0 
fran 87 0 0 0 0 0 0 00 0 
centre 62 0 0 0 0 0 0 00 0 
line of 37 2 2 2 2 2 1 11 0 
tyre (mm) 12 4 4 4 4 4 3 32 0 
DWM 112 ma 
Distance of cube centre from, centre line of axle (m-n). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 00 0 
frcm 87 0 0 0 0 0 0 00 0 
, centre 
62 0 0 0 0 0 0 00 0 
line of 37 2 2 2 2 2 2 10 0 
tyre (mm) 12 4 4 4 4 4 4 20 0 
IbWe 3 . D. % Voli change, 
@207 kN/m2, @ 1.2 g/ml. 
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DEPIE 0 mm Distance from centre line of axle (ran). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0000000 0 0 0 
fran 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 1- -1- -1- -1- -1- -1 1< - 'C 0 0 
tyre 25 
0 
3 
5 
3 3 3 
5 
3 
5 
N3 "2% \2 1 N4 
N 0 (mm) 5 5 5 ý 2 0 
DEPIH 25 mm Distance from centre line of axle (ran). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 00 0 0 0 
from 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 2 2 2 2 2 21 1 0 0 
(mm) - 0 4 4 4 4 4 4 3. 2 1 0 
DWM 50 mm Distance from centre line of a xle (nin). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 00 0 0 0 
from 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 1 1 1 1 1 10 0 0 0 
On) 0 2 2 2 2 2 21 1 0 0 
DWM 75 mm Distance from centre line of axle ( mn). 
150 125 100 75 50 25 0 25 50 75 
Distance, 125 0 0 0 0 0 00 -0 0 0 
f rom 100 0 0 0 0 0 00 0 0 0 
centre' 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 0 0 0 0 0 00 0 0 0 
(mm) - 0 1 1 1 1 1 10 0 0 0 
LIEPM 100 mm Distance from centre I ine of axle (mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 -0 0 0 0 0 00 0 0 0 
f ram 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre 25 0 0 0 0 0 00 0 0 0 
(mm) - 0 0 0 0 0 0 00 0 0 0 
Uble 4. A. Vertical defs., W07 kN/m2, W.: 4,, /mI. 
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]DEPTH 0 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
1 ine of 
t 
50 
25 
0- 
2 
-0- -0-- 0--0 --, ý 0-00-- ""N; 21 1\ 
\0 0 0 
yre 2 2 N 0 X 0 0 
(mm) - 0 2 2 2 2 2 
! \1 1 0\, 0 0 
DEPTH 25 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
fran 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 0 0 0 0 0 0 0 0 0 0 
(mm). -ý- 0 1 1 1 1 0 0 0 0 0 0 
DEPTH 50 mm Distance from centre line of axle (mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
fran 100 0 0 0 0 0 0 0 0 0 0 
centre , 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 0 0 0 0 0 0 0 
.0 
0 0 
(mm) - 0 0 0 0 0 0 0 0 0 0 0 
lhble 4. B. lbrizmtal defs., @207 Mle, @1.3&-/jnl. 
ljwm mm 
Distance 125 
from 100 
centreý 75 
line of 50 
tyre 25 
(mm) - 0 
EEPIH 25 mm 
Distance 125 
f rcrn 100 
centre 75 
line of 50 
tyre 25 
(M) - 0 
Distance from centre 
150 125 100 75 50 
line of axle (m). 
25 0 25 50 75 
0 0 0 0 0 000 0 0 
0 0 0 0 0 000 0 0 
0 0 0 0 0 000 0 0 
0-- 
-1 
0- 
-1 
-0-- 
-1 
0- 
-1 
- 0-1- No -- 0 Nil 
0 -\O \ý 0 -I j 
0 
0 
0 
0 
0 0 0 0 0 1 ýýO, \' 1\0ýý o 0 0 
Distance from centre 
150 125 100 75 50 
line of axle 
25 0 25 
(m). 
50 75 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 10 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
Table 4. C. 'Iateral-cfefs-, @207 kN/M2, @1.3g/nil. 
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DEPIH 12 mm 
Dis tance of cube centre from centre line of axle (mn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 .0 0 0 
frcm 87 0 0 0 0 0 0 0 0 0 
centre 62 2 2 - 
2 
- - 
2 
- - 
2Z 
- 
1 
- 
0 
f 
0 
line of 37 6 
* 
6 6 45 
1 
X\, 7 2*"* I 
NI 
i 
1 tyre (m) 12 2 2 2 5 , 5, \5N 
ý\5 ,, 4 2 
DEPIH 37 mm 
Distance of cube centre frorn cen tre line of axle (nm). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
frcrn 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 2 2 2 2 2 2 2 1 0 
tyre (m) 12 6 6 6 7 6 6 5 3 1 
UWM 62 mm 
Distance of c ube centre from centre line of axle (nin). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 .0 
0 
frcm 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 2 2 2 2 2 1 0 0 0 
tyre (m) 12 4 4 4 4 4 3 2 1 0 
UWM 87 mm 
Distance of cube centre frorn centre l ine of axle (mn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
fran 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 0 0 0 0 0 0 0 0 0 
tyre (m) 12 2 2 2 2 2 1 1 1 0 
DEPIII M mm 
Distance of cube centre from centre l ine of axle (m). 
137 112 87 62 37 12 12 37 62 
Distance 112 '0 0 0 0 0 0 0 0 0 
frcrn 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 01 0 0 0 0 0 
line of 37 0 0 0 0 0 0 0 0 0 
tyre (mm) 12 0 0 0 0 0 0 0 0 0 
Mible 4. D. % Voli change, (92(Y7 Mle, 0 1.3 g/ml. 
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0 mm Distance from c entre line of axle (m). 
150 125 100 75 50 25 0 25 50 75 
Distance- 125 0 0 0 0 00 000 0 
from 100 0 0 0 0 00 000 0 
centre 75 0 0 0 0 00 000 
line of '50 0 0 0 0 00 000 0 
tyre 25 6-- 6-- 6 -- 6--16- 5 ON \ 3 1L -\ 'ýý N\ 
1\ 
0 
(MM). 0 9 9 9 9 9 ýQ\ 6, 3 0 
EEPIH 25 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
f rom 100 '0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 5 5 5 5 5 4 3 2 1 0 
(mm) - 0 8 8 8 8 8 7 5 4 2 0 
EEPTH 50 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance '125 0 0 0 0 0 0 0 0 0 0 
fran 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 1 1 1 1 1 1 0 0 0 0 
tyre 25 3 3 3 3 3 3 2 2 1 0 
(mm) - 0 4 4 4 4 4 4 3 2 1 0 
DWM 75 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125' 0 ,0 0 0 0 0 01 0 0 0 
from 100 0 0 0 0 0 0 0 .0 0 0 
centre' 75 0 0-, 0 0 0 0 0 0 ,0 0 
I ine of 50 1 0 1 1 0 1 0 0 0 0 
tyre 25 1 1 1 1 1 1 1 0 0 
(ran). 0 2 2 2 2 2 2 1 1 0 0 
EEPIH 100 am Distance from ce ntre line of axle (m). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 0 0 0 
frcm 100 0 0 0 0 0 0 0 0 0 0 
centre ý 75, 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 0 0 0 0 0 0 0 0 0 0 
(mn). 0 0 0 1 1 1 0 0 0 0 0 
DEPIH 125 mm Distance fr(xn centre I ine of ax le (m). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 a 0 0 0 0 
fran 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25 0 0 0 0 0 0 0 0 0 0 
(MM). 0 0 0 0 0 0 0 0 0 0 0 
IlLble S. A. Vertical defs., @2(Y7 kN/m2, W. 2g/ml. 
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Uwm 0 mm Distance from centre line of axle (nin). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 00 -0 
from 100 0 0 0 0 0 0 0 00 0 
centre 75 0 0 0 0 0 0 0 00 0 
line of 50 0 0 0 0 0 0 0 00 0 
tyre 
(mm) 
25 
,0 
2- 
3 
- 2- 
3 
- 2- 
3 
-2- -K2 \1 1-- 1- 0, ý-, \N'111ý1 1 313 3 
0 
0 . - , - , 
DEPIH 25 mm Distance from centre line of axle (mn). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 00 0 
from 100 0 0 0 0 0 0 0 00 0 
centre 75 0 -0 0 0 0 0 0 00 0 
line of 50 0 0 0 0 0 0 0 00 0 
tyre 25 0 '0 0 0 0 0 00 0 
(mm) - 0 1 1 1 1 1 
1 1 00 0 
DWM 50 mm Distance from centre line of axl e. (nin). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 0 0 00 
frcm 100 0 0 0 0 0 0 0 00 0 
centre 75 0 0 0 0 0 0 0 00 0 
line of 50 0 0 0 0 0 0 0 00 0 
tyre 25 0 0 0 0 0 0 0 00 0 
(mm) - 0 0 0 0 0 0 0 0 00 0 
Iltble 5. B. Borizmtal defs., @2(Y7 kN/m2, @! 1.291ml. 
EEPM 0 mm Distance from centre line of axle (irm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 0 0 0 0 0 00 0 0 0 
frorn 100 0 0 0 0 0 00 0 0 0 
centre 75 0 0 0 0 0 00 0 0 0 
line of 50 0 0 0 0 0 00 0 0 0 
tyre ý25 -1 - -1 - 0- -1 - . 71C 1 
1 --0 --O--zo N 0 
0 0 0 0 0 O 0 
DWM 25 mm Distance from centre line of axle (mm). 
150 125 100 75 50 25 0 25 50 75 
Distance 125 '0 0 0 0 0 0 0 0 0 0 
frcrn 100 0 0 0 0 0 0 0 0 0 0 
centre 75 0 0 0 0 0 0 0 0 0 0 
line of 50 0 0 0 0 0 0 0 0 0 0 
tyre 25, ,0 
0 0 0 0 0 0 0 0 0 
(mm) - 0 01 0 0 0 0 0 0 0 0 0 
MLble 5. C. lateral defs. . 
@2(Y7 kN/0, CR.: Zg/ml - 
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DEPIH 12 mm 
Distance of cube centre from centre line of axle (m). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 4 3 3 4 5 4 3 2 0 
tyre (mm) 12 2 -3 3 t"ý-4 2 
DEPM 37 mm 
Distance of cube centre from centre line of axle (mn). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 0 0 0 
centre 62 +2 +2 +2 +2 +2 +1 0 0 0 
line of 37 2 2 2 2 1 1 1 0 0 
tyre (nin) 12 U 12 12 12 10 7 6 3 1 
EEPTU 62 am 
Distance of cube centre fro m cen t. re li ne of axle (tim). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 0 0 0 
centre 62 1 1 0 1 1 0 0 0 0 
line of 37 5 5 4 5 5 3 3 3 1 
tyre (m) 12 8 8 8 8 8 7 6 5 2 
87 = 
Distance of cube centre from centre line o f axle (nin). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
fran 87 0 0 0 0 0 0 0 0 0 
centre 62 1 1 2 1 1 1 0 0 0 
line of 37 3 3 4 3 3 3 1 0 0 
tyre (mm) 12 6 5 4 4 5 5 3 1 0 
UEPIH M mm 
Distance of cube centre from centre line of axle (nin). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 0 0 0 
centre, 62 0 0 0 0 0 0 0 0 0 
line of 37 0 0 0 0 0 0 0 0 0 
tyre (mm) 12 0 1 2 2 1 0 0 0 0 
UWM L37 mm 
Distance of cube centre fr(xn centre lin e of axle (nin). 
137 112 87 62 37 12 12 37 62 
Distance 112 0 0 0 0 0 0 0 0 0 
from 87 0 0 0 0 0 0 0 0 0 
centre 62 0 0 0 0 0 0 0 0 0 
line of 37 0 0 0 0 0 0 0 0 0 
tyre, (mmy 12 0 0 0 0 0 0 0 0 0 
Mible 5. D. % Voli dhange, @207 kN/ai, @ 1.2 g/ml. 
- 157 - 
APPENDIX 2.2 
Results of full scale work. 
Table Initial Wheel Inflation 
nunber. soil density. load. pressure. 
g1ml. M. kN/1,12 
6 1.3 11 173 
7 1.3 9 173 
8 1.3 7 173 
9 1.4 9 173 
10 1.5 9 173 
11 1.6 9 173 
12 1.4 7 69 
13 1.4 7 173 
14 1.4 7 276 
Subscripts. 
A Vertical deflection mm. 
B Horizontal deflection mm. 
C Lateral deflection mm. 
D Volum change %. 
Distance from centre I ine of wive] (mn) 
350 300 250 200 150 100 50 0 
Tyre 
Depth 0-: 
(mm) 50 
100 
150 
200 
250 
300 
350 
400 
Posi tior 
of wheel 
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Distance frorn centre line of wheel (mf) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 -1 -4 -7 -8 zu 41 42 
(M) 50 0 0 0 0 4 18 39 41 
100 0 0 0 0 3 13 29 30 
150 0 0 0 0 3 9 20 20 
200 0 0 0 0 2 6 15 14 
250 0 0 0 0 0 4 9 10 
300 0 0 0 0 0 2 4 4 
350 0 0 0 0 0 0 1 1 
400 0 0 0 0 0 0 0 0 
TABLE 6. A. Vertical defs, Inad 11 M, CU. 3 glua, W73 kN/m2. 
Distance f rom centre I in(, - of wlx-, el (wn) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 -1 -J -4 u 0 
(M) 50 0 0 0 0 -2 -2 0 0 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAME 6. B. lateral ciefs,. Imd 11 M. v @1.3 g/mI, W73 
kN/M2. 
Distance f rxrn centre I ine of wheel (mn) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 
.3 
9 38 Jh 
(nTn) 50 0 0 0 0 5 12 25 25 
100 0 0 0 0 4 7 14 14 
150 0 0 0 0 0 4 8 8 
200 0 0 0 0 0 0 1.1 5 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAME 6. C. Horizmtal defs,. IA)ad 11 kN. V @1.3 g/ml, M73 kN/mx. 
Distance frorn centre line of wheel 
of the centre of the cube. (m) 
325 275 225 175 125 75 25 
Depth 25 +1 +5 +10 +14 +9 +2 3 
(M) 75 0 0 03 6 13 21 
125 0 0 00 4 13 19 
175 0 0 01 48 11 
225 0 0 02 48 10 
275 0 0 00 47 11 
325 .. 0 0 00 25 6 
TAELE 6. D. % Volume clwjW, Load 11 M, 0-1.3 g/mI, @17.1 kN/M2. 
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Distance from centre line of wheel (m) 
350 300 250 200 150 100 50 0 
- Depth 0 0 0 0 -1 -2 id 39 42 
(mm) 50 0 0 0 0 0 14 35 39 
100 0 0 0 0 4 12 27 30 
150 0 0 0 0 3 10 20 17 
200 0 0 0 0 2 8 12 10 
250 0 0 0 0 1 6 8 5 
300 0 0 0 0 0 2 3 3 
350 0 0 0 0 0 0 0 0 
TAME 7. A. Vertical defs,. TDad 9 M. P 
@1.3 g/ml, (A73 kN/m2. 
Distance f ran centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
I Tyre 
Depth 0 0 0 0 -1 -3 - 0 0 0 
(mm) 50 0 0 0 0 0 0 0 0 
100 0 0 0 0 0 .0 0 0 150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAME 7. B. lateral defs, Load 9 M., @1.3 g/ml, @173 kN/m'. 
Distance fr-cm centre line of wheel (m) 
350 300 250 200 150 100 50 0 
'ryre L 
nepth 0 0 0 0 3 16 
(mm) 50 0 0 0 4 12 15 15 1 (; 
100 0 0 0 0 8 11 12 12 
150 0 0 0 0 0 35 5 
200 0 0 0 0 0 03 5 
250 0 0 0 0 0 02 2 
300 0 0 0 0 0 00 0 
350 0 0 0 0 0 00 0 
TAME 7. C. Ebrizmtal defs, Load 9 M. v @1.3 g/ml, @173 kN/m2. 
Distance from centre line of wheel 
of the centre of the cu be. (m) 
325 275 225 175 125 75 25 
Tyre 
Depth 25 0 0 0 +1 . 7' 
(mm) 75 0 0 0 +4 +2 10 17 
125 0 0 0 1 3 9 20 
175 0 0 0 1 3 10 15 
225 0 0 0 1 3 6 9 
275 0 0 0 1 5 9 7 
325 0 0 0 0 2 5 6 
TABLE 7. D. % Volume ebaDge, Toad 9 M, W. 3 g/ad, (K73 kN/m2. 
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Distance f rom centre line of wheel (m) 
350 300 250 200 150 100 50 0 
Tyre, 
Depth 0 0 0 0 0 30 33 
(mm) 50 0 0 0 0 0 11 28 30 
100 0 0 0 0 0 10 20 23 
150 0 0 0 0 2 8 14 15 
200 0 0 0 0 1 49 9 
250 0 0 0 0 0 22 5 
300 0 0 0 0 0 01 1 
350 0 0 0 0 0 00 0 
TABLE B. A. Vertical defs,. Ikad 7 M., @A. 3 g/mI, @173 kN/M2 
Distance from centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
Tyre 
Depth 0 0 0 0 0 0 a 0- 0 
(mm) 50 0 0 0 0 0 0 0, 0 
100 0 0 0 0 0 0 0 0 
'150 0 0 0 0 
0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAME 8. B. laterul clefs, IDed 7 M., (A. 3 g/ua, 41173 kN/M2. 
Distance fmn centre line of wheel (mn) 
350 300 250 200 150 100 50 0 
1 - Tyre 
Depth 0 0 0 0 0 0 lu 1; & 1 3 
(M) 50 0 0 0 0 0 2 4 7 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 .0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAME 8. C. Horizontal defs.. Load 7 kN. 1- @1.3 gfid, 
@173 kN/m2. 
Depth 25 
(M) 75 
12f 
175 
225 
275 
325 
Distance from centre 
of the centre of 
325 275 225 175 
line of wheel 
the cube. (mm) 
125 75 25 
1 lyre 
0 0 0 0 1 3 5 
0 0 0 0 1 9 15 
0 0 0 +2 0 9 11 
0 0 0 1 5 9 11 
0 0 0 1 3 9 11 
0 0 0 0 2 3 5 
0 0 0 0 0 1 2 
TAME 8. D. cbange, Toad 7 M, @1.3 g/ml, - 4473 kN/r&. 
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Distance from centre line of wheel (ran) 
350 300 250 200 150 100 50 0 
I Tyre 
Depth 0 0 0 0 0 0 22 24 25 
(nTn) 50 0 0 0 0 0 18 21 23 
100 0 0 0 0 0 12 13 15 
150 0 0 0 0 0 7 8 9 
200 0 0 0 0 0 3 4 5 
250 0 0 0 0 0 0 2 3 
- 300 0 0 0 0 0 0 0 0 
350 * '0 0 0 0 0 0 0 0 
TAEM 9. A. Vertical defs, . Density 1.4 g/ml, @9 M. , @173 kN/M2. 
Distance fr-cm centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
"rre 
Depth 0 0 0 0 0 0 0 0 
(rim) 50 0 0 0 0 0 0 0 0 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 
.0 
0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 -0 0 
TABLE 9. B. Lateral defs,. Demity 1.4 g/ml, W M, M73 kN/m2. 
Distance from centre line of wheel (m) 
350 300 250 200 150 100 50 0 
Depth 0 0 0 0 0 4 29 36 
(mm) 50 0 0 0 0 0 12 13 13 
100 0 0 0 0 0 3 4 7 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TABLE 9. C. Horizmtal d, -., fs.. Density'l. 4 g1ml, @9 M., 0.173 kN/M2. 
Distance fran centre line of wheel 
of the centre of the c ulx-ý. (mn) 
325 275 225 175 125 75 25 
1 Tyre 
Depth 25 0 0 00 4 7 5 
(ran) 75 0 0 00 6 14 16 
125 0 0 00 5 10 11 
175 0 0 00 4 8 8 
225 0 0 00 3 5 4 
275 0 0 00 0 2 5 
325 0 0 00 0 0 0 
TAELE 9. D. % Voll change, Density 1.4 glml, M kN., 4U73 kN/m2. 
-1M- 
Distance f rom centre I ine of wheel (ran) 
350 300 250 200 150 100 50 0 
1 
. 
Tyre 
Depth 0 0 0 0 0 0' 5 8 
(mm) 50 0 0 0 0 0 3 5 6 
100 0 0 0 0 0 1 3 3 
150 0 0 0 0 0 0 1 1 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TABLE 1O. A. Vertical defsI. Density 1.5 g/mI, @9 W., 04T. 3 kN/M2. 
Distance f ran centre I ine of wheel (mm) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 0 0 
(mm) 50 0 0 0 0 0 00 0 
100 0 0 0 0 0 00 0 
150 0 0 0 0 0 00 0 
200 0 0 0 0 0 00 0 
250 0 0 0 0 0 00 0 
300 0 0 0 0 0 00 0 
350 0 0 0 0 0 00 0 
TAME 1O. B. lAteral defs, Density 1.5 g/ml, @9 M, @173 kN/M2. 
Distance fran centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 0 0 10 - if- 11 
(mm) 50 0 0 0 0 0 3 4 4 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 Q 0 0 0 0 
TAME W. C. Horizontal defs,. Density 1.5 g/ml, CU19 M., @173 kN/m'. 
Distance fmn centre line of wheel 
of the centre of the cube. (mm) 
325 275 225 175 125 75 25 
1 Tyre 
Depth 25 0 000 25 5 
(mm) 75 0 000 24 5 
125 0 000 13 4 
175 0 000 01 2 
225 0 000 00 0 
275 0 000 00 0 
325 0 000 00 0 
TAME . 10. D. 
% Volum cbange . Density 
1.5 9/ml, @9 kN- s, 40173 kN/m2 
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Distance from centre line of wheel (am) 
350 300 250 200 150 100 50 0 
1 
Depth 0 0 0 0 0 0 
(mm) 50 0 0 0 0 0 00 0 
100 0 0 0 0 0 00 0 
150 0 0 0 0 0 00 0 
200 0 0 0 0 0 00 0 
250 0 0 0 0 0 00 0 
300 0 0 0 0 0 00 0 
350 -0 0 0 0 0 00 0 
TAME 11. A. Vertical defs,. Density 1.6 g/ml, @9 M., @173 kN/m2. 
Distance from centre line of wheel (m) 
350 300 250 200 150 100 50 0 
1 
-1y 
e- 
Depth 0 0 0 0 0 0 00 0 
(mn) 50 0 0 0 0 0 00 0 
100 0 0 0 0 0 00 0 
150 0 0 0 0 0 00 0 
200 0 0 0 0 0 . 00 0 
250 0 0 0 0 0 00 0 
300 0 0 0 0 0 00 0 
350 0 0 0 0 0 00 0 
TAELE U. B. latexul defs,. DL-nsity 1.6 g/ml, 09 W., 40-173 kN/m'. 
Distance from centre line of wheel (mn) 
350 300 250 200 150 100 50 0 
L Tyre 
Depth 0 -0 0 0 0 0 0 ... 0 .... 0 
(mm) 50 0 0 0 0 00 0 0 
100 0 0 0 0 00 0 0 
150 0 0 0 0 00 0 0 
200 0 0 0 0 00 0 0 
250 0 0 0 0 00 0 0 
300 0 0 0 0 00 0 0 
3.50 0 0 0 0 00 0 0 
TAME U. C. Horizmtal defs.. Dmsity 1.6 g/ml, @9 M., fATJ kN/mlf 
Distance from centre line of wheel 
of the centre of the cube. (m) 
325 275 225 175 125 75 25 
Depth 25 0 0 0 0 02 5 
(ran) 75 0 0 0 0 00 0 
125 0 0 0 0 00 0 
175 0 0 0 0 00 0 
225 0 0 0 0 00 0 
275 0 0 0 0 00 0 
325 0 0 0 0 00 0 
TABLE U. D. % Voli change, Density 1.6 g/ml, @9 M, @673 kN/m2. 
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Distance from centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
1 lyre 
Depth 0 0 0 0 0 0 18 20 21 
(mm) 50 0 0 0 0 4 16 18 19 
100 0 0 0 0 4 11 14 14 
150 0 0 0 0 0 4 6 7 
200 0 0 0 0 0 0 1 2 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TABLE 12. A. Vertical defs,. Pressure 69 kN/n7?, Coff M., W. 4 g/mI. 
Distance from centre line of wheel (nin) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 0 0 -1 -2 0 
(mn) 50 0 0 0 0 0 00 0 
100 0 0 0 0 0 00 0 
150 0 0 0 0 0 00 0 
200 0 0 0 0 0 00 0 
250 0 0 0 0 0 00 0 
300 0 0 0 0 0 00 0 
350 0 0 0 0 0 00 0 
TAME 12. B. latena defs,. Pressure 69 Mle, 07 M., (A. 4 g/ml. 
Distance from centre line of wheel (mm) 
350 300 250 200 150 100 50 0 
1 Tyre 
---- Depth 0 0 0 0 0 0- - 11 ýjff -- f2 
(mn) 50 0 0 0 0 0 5 5 5 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAEffZ 12. C. Horizmtal defs,. Pressure 69 kN/ml, (47 M, 01.4 g/ml. 
Distance frorn centre line of wheel 
of the centre of the cube. (mm) 
325 275 225 175 125 75 25 
DL-pth 25 0 0 0 +3 +1 2 4 
(nm) 75 0 0 0 0 +5 9 9 
125 0 0 0 4 11 15 15 
175 0 0 0 0 49 10 
225 0 0 0 0 01 3 
275 0 0 0 0 00 0 
325 0 0 0 0 00 0 
TAELE-12. D. '% Volume r-bange, Pressure 69 kN/M2, @7 M, CA1.4 glaa. 
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Distance from centre line of wheel (m) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 0 0 15 28 32 
(M) 50 0 0 0 0 0 9 24 30 
100 0 0 0 0 2 7 18 24 
150 0 0 0 0 1 5 10 12 
200 0 0 0 0 0 4 7 8 
250 0 0 0 0 0 3 1 4 
300 0 0 0 0 0 0 0 1 
350 0 0 0 0 0 0 0 0 
Mible 13. A. Vertical defs,. Pressure 173 kN/mI, @7 W., @1.4 g/mI. 
Distance from centre line of wheel (nim) 
350 300 250 200 150 100 50 0 
Tyre 
Depth 0 0 0 0 0 0 -3 0 0 
(mm) 50 0 0 0 0 -1 -1 0 0 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 
.0 
0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TABLE U. B. lateral defs,. Pressure 173 M/M2, @7 M, @1.4 g1m]. 
Distance f rom centre I ine of wheel (nrn) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 0 4 16 30 38 
(M) 50 0 0 0 0 0 '1 12 20 
100 0 0 0 0 0 2 7 13 
150 0 0 0 0 0 0 3 7 
200 0 0 0 0 0 0 0 3 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TAME 13. C. Horizontal defs,. Pressure 173 MfiO, @, v7 M, WA g/mI. 
Distance from centre line of wlieel 
of the centre of the cube. (nin) 
- 325 275 225 175 125 75 25 
1 Tyre 
Depth 25 0 0 01 96 6 
(m) 75 0 0 0 +1 07 12 
125 0 0 01 3 10 20 
175 0 0 01 34 7 
225 0 0 00 17 10 
275 0 0 00 34 4 
325 0 0 00 00 1 
TABLE 
. 13. D. 
% Voll cimage, Fressure 173 kN/in2, M kN., @1.4 g/ml. 
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Distance fran centre line of wheel (m) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 -3 -4 -5 25 43 47 
(mm) 50 0 0 0 0 0 20 40 42 
100 0 0 0 0 3 16 30 31 
150 0 0 0 0 0 9 16 17 
200 0 0 0 0 0 5 9 10 
250 0 0 0 0 0 3 5 5 
300 0 0 0 0 0 0 2 2 
350 0 0 0 0 0 0 0 0 
TABLE M. A. Vertical defs,. Pressure 276 kN/mI, W M., W. 4 g/mI. 
Distance f ran centre I ine of wheel (mm) 
350 300 250 200 150 100 50 0 
1 Tyr 
Depth 0 
.0 
0 0 0 -3 - -6 00 
(mm) 50 0 0 0 0 0 -2 0 0 
100 0 0 0 0 0 0 0 0 
150 0 0 0 0 0 0 0 0 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TABLE 14. B. Iateral defs,. Pzvssure 276 kN/m2,197 M, @1.4 g/ml. 
Distance from centre line of wheel (mn) 
350 300 250 200 150 100 50 0 
1 Tyre 
Depth 0 0 0 0 0 4 : 32 10 -10 
(mm) 50 0 0 0 0 0 14 211 " 1-1.1 
100 0 0 0 0 0 6 , 10 14 
150 0 0 0 0 0 0 3 5 
200 0 0 0 0 0 0 0 0 
250 0 0 0 0 0 0 0 0 
300 0 0 0 0 0 0 0 0 
350 0 0 0 0 0 0 0 0 
TABLE 14. C. Horizmtal defs,. Pressure 276 Mle , 
07 M, (A. 4 g/ml. 
Distance from centre line of wheel 
of the centre of the cube. (m) 
325 275 225 175 125 75 25 
1 ly re 
Depth 25 0 +3 +7 +6 . 51 8 
(mm) 75 0 0 0 +3 3 12 21 
125 0 0 03 10 21 28 
175 0 0 00 4 11 14 
225 0 0 00 26 9 
275 0 0 00 36 6 
325 0 0 00 02 4 
TAME 14. D. % Voli cbange, Pressure 276 kN/M', V7 M, 441.4 g/ral. 
- 167- 
APPENDIX 3.1 
Numerical Integration Program. 
- 168 - 
Computer Program. 
Line. 
11 DIMENSION VU(42,42), VV(42,42), VW(42,42), IIU(42', 42), Itv(42,42), 
2' +HW(42,42) 
3, READ (5, *) A, N, NN, KKK, IDI 
4- PIE=3.1415926 
5' zs=o. o 
6 XS=(NN-1)*A 
7 YS-=XS 
8 H=A/(N*2) 
9 Nl=NN+l 
10 DO 30 KK=I, KKK 
-11 Z=ZS+(KK-1)*A 
12 DO 20 II=1, NN 
13 YO--YS-(II-1)*A 
14 DO 20 JJ=l, NN 
15 XO-XS+(JJ-1)*A 
16 VU1=0.0 
17 VVI-0.0 
18 vwl=o. 0 
19 HU1=0.0 
20 HV1=0.0 
21 HWI=O. 0 
22 DO 15 J=l, N 
23 YP=(A/2)-((J-1)*H*2)-H 
24 Y=(YO-YP) 
25 DO 15 I=1, N 
26 XP---A/2)+((I-1)*H*2)+H 
27 X=(XO-XP) 
28 X2=X*X 
29 Pdl-7- ((X2) + (Y2) 5 
30 R=(((X2)+(Y2)+(Z2))**0.5) 
31 R3=R2*R 
32 AA=(l+POI)/(2*PIE) 
33 HW1=IlWl+AA*X* ((Z/R3) +( (1-2*POI) (R* (R+Z) 
34 HV1=HV1+AA*X*Y* ( (1 /R3) -( (1-2*FOI) / (R* (R+Z) *2) ) 
35 HU1=HU1+AA* ( (1 /R) + (X2 /R3)+ (((1-2*POI) / (R* (R+Z) ) 
36 +(I-(X2/(R+(R+Z)))))) 
37 VW1=VWI+AA* ((Z*Z/R3)+ ((2* (1-POI)) /R)) 
38 VVI=VV1+AA*RR* ((Z/R3)- ((l--: 2*POI) / (R+Z))) 
39 VLJ1=VU1+AA*RR* ((Z/R3)- ((1-2*POI) / (R+Z))) 
40 15 CONTINUE 
41 HW(II, JJ)=HW1 
42 HV(II, JJ)=HV1 
42 HU(II, JJ)=HU1 
44 VW(ii, ii)=Vwl 
45 VU(ii, ii)=Vul 
46 VV(ii, ii)=Vvl 
47 20 CONTINUE 
48 WRITE(2,300)((IRJ(II, JJ), JJ=1, NN), II=1, NN) 
49 WRITE(3,300) ((HV(I I, JJ), JJ=l, NN), I I=l, NN) 
50 WRITE(4,300) ((HW(I I, JJ), JJ=l, NN), I I=l, NN) 
51 WRITE(7,300)((VU(II, JJ), JJ=1, NN), Il=l, NN) 
52 WRITE(8,300) ((VV(I I, JJ), JJ=l, NN), I I=l, NN) 
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Line 
53 WRITE(9,300)((VW(II, JJ), JJ=1, NN), II=1, NN) 
54 300 FORMAT(lH (F16.6)) 
55 30 CCNTINUE 
56 ENDFILE 2 
57 ENDFILE 3 
58 ENDFILE 4- 
, 
59 ENDFILE 7 
60 ENDFILE 8 
61 ENDFILE 9 
62 Slop 
63 END 
I 
RKplanation 
TA 3- 
A Dimensions of the area/grid. (0.025 m) 
N NuTber of point 1(yads along arca. (8) 
NN Number of point solutions required. (41) 
KKK Nmber of point solutions deep. (41) 
POI Soil Poisson's ratio. (0.25) 
TJ 
Line 10 
Tj 1-1 
12-15 
TA 
XS, YS, . ZS Distance of first solution point from the centre 
of the loaded area. 
Main loop for each layer of solutions. 
Calculates depth of solution. 
Loops for each point of solution in turn and calculaies 
the distance of the point of solution from Ihe centre of 
the area. 
- 170 - 
Resets running total to zero. 
, Line 22-27 
Loops for each point load in turn and calculales thc 
distance of the load from the centre of the, lcradLd ama. 
X, Y, Z distance of point load fran point. of solut. ion. 
TA 28-39 
Calculates the partial solution al. the Ix)int of solul ion 
for the load on the area and adds it to last value. 
Line 41-46 
Writes summed solution into a two dimensional array. 
Li 48-54 
Writes solution to data file. 
Line 56-61 
Closes data f il es. 
4 
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APPENDIX 3.2 
Nunerical Sun-nation Program. 
- 172 - 
-1 1-11 ý Computer program 
Line. 
1" COMMON /SUD/AA(62,62) 
2' 
' 
COMMON /SUD/XY(50,41) 
3 , WRITE (6,100) 
4'ý READ (7, *) WIDE, TIDNG 
5 WRTIE (6,101) 
6, READ (7, *) GRID, NODN 
7 -- WRITE (6,102) / 8 READ (7, *) YM 
9 WRITE (6,103) 
10 READ (7, *) ZPRESS 
11 WRITE (6,104) 
12 READ (7, *) NTIhlES, NUAl 
13 NWIDE--NINT(WIDE/GRID) 
14 Nl0NG--(TLCNG/GRID) 
15 PRESS=(((GRID**2)/NODN)/YM)*1000.0*ZI'IiIM 
16 DO 3 LAY=O, NTIMES 
17 DO 1 I=16,31 
18 DO 1 J=11,40 
19 1 XY(J, I)=O. O 
20 CALL VID(NUM) 
21 DO 2 JS=1, NIDNG 
22 DO 2 IS=1, NWIDE 
23 DO 2 J=11,40 
24 JJ=INT(J-NLONG/2)+JS) 
25 DO 2 I=16,31 
26 II=INT(I-(NWIDE/2)+IS) 
27 XY(J, I)=(XY(J, I)+(AA(JJ, Il)*PRESS)) 
28 2 CONTINUE 
29 CALL WRITE 
30 3 CONTINUE 
31 STOP 
32 100 IURMAT(lH , 'THE WID111 AND LENGrll 
Or- CONTACT AREA (M) 
33 101 FlORMAT(lH , 'THE GRID SIZE (M) AND NUMBE3t 
OF COMM', 
34 102 FORMAT(lH 'SOIL YOUNG'S MODULUS, /) 
35 103 FORNIAT(lH 'THE VERTICAL PRESSURE (kN/M2)"/) 
36 104 FORMAT(lH 'LAST LAYER AND NUM', I) 
37, END 
38 SUEROUTINE WRITE 
39 CCMMDN /SUD/XY(50,41) 
40 WRITE(9,1) ((XY`(J, I), I=16,31), J=11,40) 
41 FORMAT(lH 
, F9.4) 42 REIURN 
43 END 
44 SUBROUTINE VID (NUM) 
45 DIMENSION B(32) 
46 COMMON /SUB/AA(62,62) 
47 IF(NUM. BQ. 3) GOTIO 10 
48 READ (8, *) Ll, L2, L3, L4 
49 NY=61 
50 DO 1 J=0,29 
51 READ (2, *)(B(I), I=1,31) 
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52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
1 
2 
3 
4 
5 
NX=31 
Jl=J+l 
AA(Jl, 31)=B(31) 
NYMJ=NY-J 
AA(NYMJ, 31)=L3*B(31) 
DO 1 I=1,30 
NXMI=NX-I 
AA(Jl, NXMI)=L4*B(NXMI) 
NYMJ=NY-J 
NXPI=NX+I 
AA(NYMJ, NPXI)=L2*B(NXMI) 
AA(Jl, NXPI)=Ll*B(MII) 
AA(NYMJ, NXMI)=L3*B(NXMI) 
READ (2, *) (B(I), I=1,31) 
DO 2 I=1,30 
NXMI=NX-I 
NXPI=NX+I 
AA(31, NXPI)=Ll*B(NXMI) 
AA(31, NXMI)=L4*B(NXMI) 
AA(31,31)=B(31) 
REMN 
READ (8, *) Ll, L2, M, LA 
NY=61 
DO 4 J=0,29 
READ (2, *)(B(I), I=1,31) 
NX=31 
Jl=J+l 
AA(Jl, 31)=B(31) 
NYMJ=NY-J 
AA(31, NYMJ)=L3*B(31) 
DD 4 I=1,30 
NXMI=NX-I 
AA(NXMI, Jl)=IA*B(NXMI) 
NYMJ=NY-J 
NXPI=NX+I 
AA(NXPI, NJMJ)=L2*B(NXMI) 
AA(NXPI, Jl)=Ll*B(NXMI) 
AA(NXMI, NYMJ)=L3*B(NMII) 
READ (2, *) (B(I), I=1,31) 
DO 5 I=1,30 
NXMI=NX-I 
NXPI=NX+I 
AA(NXPI, 31)=Ll*B(NXMI) 
AA(NXMI, 31)=L4*B(NXMI) 
AA(31,31)=B(31) 
END 
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Ekplanation 
TA 3-12 
Input data. 
Wide, Contact width (m). 
nong, Contact length (m). 
Grid, Solution grid size (0.025m). 
Ncon, Nuiber of point loads/area. 
Ym, Young 's Modulus (M/M2 ). 
Zpress, Vertical pressure (kN/M2). 
Ntirws, Depth of last layer. 
Nun, Run nunber. 
I Vertiacl deflection. 
2 Horizontal defleci. ion. 
Lateral deflection. 
TA 13-14 
Calculates contact size to the nearest whole grid size. 
1.1 15 
Calculates P/E and converts solution lo irin. 
TA 16 
Main loop for each I ayer. . 
Id 17-19 
Sets zero. 
Line 20 
Calls reflecting routine. 
Li 21-28 
Main suming routine, adds the ef feet. of each area Io each 
- solution. 
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Li 29 
Calls output routine. 
Writes summed solution as a one dimensional array. 
I -J 47--98 
Reflects data from data file around the principle axes. 
45-72 nm--1,2 for vertical and horizontal loads. 
73-98 nun=3 rotates horizontal solution through ()dD 
for a lateml load. 
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APPMIX 5.1 
Omtact Geometry Results. 
Load 
(M. 
12 
18 1 
25 
116j)OCL ra-L10. J. ý: 1. OY I U. W 
Figure. 5.1: 1 5.1: 2 5.1: 3 5.1: 4 
Aspect ratio. 2.4 1.4 1 0.69 
Figure. 5.1: 6 5.1: 7 5.1: 8 5.1: 9 
Aspect ratio. ' 2.1 1.63 1 0.73 
Figure. 5.1: 11 5.1: 12 5.1: 13 5.1: 14 
5.1: 5 
0.411 
5.1: 10 
0.47 
5.1: 15 
Input variables: - 
Moisture content, 10 
Initial soil density 1.3 g/ml 
Ground cont. act. pressurc, 238 IN/iO 
Young's modulus 957.5 kN/M2 
Cut off strain 2.9 
Poisson's ratio 0.25 
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AIIJINDIX 5.2 
Cbntact Pm ýý- ts. 
Figure nmber 
Conlact pressimo k-N/mý 
79.2 118.8 158.4 198.0 237.6 277.2 . 316.8 Ujud (kN). 
I 
-- 
5 5.2: 1 5.2: 2 5.2: 3 
-- --- ---, 
-- 
10 5.2: 4 
1 
5.2: 5 5.2: 6 5.2: 7 - 5.2: 8 
15 - 5.2: 9 5.2: 10 5.2: 11 5.2: 12 - 5.2: 13 
Input variables: - 
Moisture comem 
Initial soil den-siiy g/1111 
Coniaci patch wid1h 0.275 in 
Poisson's Ratio 0.25 
Contact length (m). 
Ck)niaci 
LA)ad (kN) 
, 
79.2 118.8 158.4 198.0 2137.6 277.3 1 
5 0.229 0.154 0.115 -- 
10 0.459 0.308 0.230 0.183 - 
15 - 0.462 0.345 0.275 0.2.30 0.172 
Soil properties 
Guniaci pressure kN/, n2 
Yo1mg Is 
79.2 118.8 158.4 198.0 237.277.2 W. 8 
muclul us '185 6w 711 843 920 1039 
Oil ol f 
S, I'aill 5.9 4.5 3.8 3. : 3.2 2.9 2.5 
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LO 
APPENDIX 5.3 
Initial Soil Density Results. 
Figure nunber 
Initial soil density g/ml. 
1.2 1.3 1.4 1.5 
Contact pressure kN/M2 
70 5.3: 1 5.3: 2 - 
140 5.3: 3 5.3: 4 5.3: 5 - 
280 5.3: 6 5.3: 7 5.3: 8 5.3: 9 
Input variables: - 
Moisture content 10 % 
Contact load 9 kN. 
Contact pal, ch width 0.275 m 
Poisson's Ratio 0.25 
Oantact pressure kN/m2 
70 ido 280 
Contact 
Length. (in) 0.467 0.233 0.116 
Pressure (kN/m2) 
Young's modulus (kN/M2) 
70 
Cut off strain 
Young's Modulus (kN/M2) 
140 
Cut off strain 
Young's Modulus (kN/m2) 
280 
Cul, off strain 
Soil properties 
Initial soil den.,, ity 
1.2 1.3 
1.6 
361 
3.0 
567 
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898 
1.2 
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711 965 1109 
3.8 7.0 10.5 
1142 1,168 194 1 
2.5 5.6 8.1 
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